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ABSTRACT

Niklas, Andrew John. M.S. Department of Physics, Wright State University,
2012. Characterization of Structured Nanomaterials Using Terahertz
Frequency Radiation.
Measurements that use terahertz frequency radiation to characterize
materials are beneficial for scientists trying to determine the physical
parameters that govern the interaction of electromagnetic waves and matter
at those frequencies. Results will be presented of time domain terahertz
spectroscopy measurements taken in forward and backward scattering
directions from vertically aligned arrays of multi‐walled carbon nanotubes
and thin films of perforated copper. The intent of this research is to both
corroborate results from independent research groups conducting similar
experiments and to further increase understanding in the scientific
community with respect to carbon nanotube reflection phenomena at
terahertz frequencies.
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1.

INTRODUCTION
Structured nanomaterial based physics is a relatively new field of

study and electromagnetic characterization of nanomaterial structures is still
evolving [1]-[3]. With emerging technologies and advanced fabrication
techniques, it has become more common for scientists to develop materials
that interact strongly with high frequency radiation such as terahertz (THz)
light [4], [5]. In an effort to better understand the properties of certain
nanomaterials, this thesis will identify possible mechanisms to explain
observed phenomenon and provide assessments about the plausibility of the
hypothesis.
The development of the field of THz frequency light generation and
detection has made significant advancements [6]. Using state of the art THz
equipment, scientists can probe materials in a manner that is considered
standard in the legacy frequency regimes such as the visible and infrared [7],
[8]. In fact, many of the methods employed in the current studies leverage
these established processes to help identify phenomenon unique to this
developing region of the electromagnetic spectrum.

1

1.1.

OUTLINE
The work performed in preparation for the thesis focuses on

experimental data collection using structured nanomaterials and a THz time
domain system. Measurements are performed in both reflection and
transmission configurations with the nanomaterial as the target material
being probed. For purposes of clarity, when reflection and transmission is
mentioned, the reference is to the backward and forward scattering
phenomenon, respectively.
Two classes of materials are examined in this thesis: vertically aligned
multi-walled carbon nanotubes (VAMWCNT), and perforated thin film
copper aperture arrays. In this thesis, the abbreviation for a single-walled
carbon nanotube is CNT, and a multi-walled carbon nanotube is abbreviated
MWCNT [9]-[12]. Based on research performed in the scientific
community, interesting reflection phenomenon occurs during the interaction
of optical radiation with VAMWCNT samples [13]-[16]. Lastly, the copper
aperture arrays exhibit novel transmission properties in the THz regime that
are still a source of new discoveries [17].

2

1.2.

MOTIVATION
It has been previously observed with VAMWCNTs that there is an

enhanced THz reflection phenomenon occurring at extreme detection angles
at normal incidence [18]. This phenomenon is further explored and
quantified in this thesis. The enhanced reflection is unique because it is
determined that MWCNTs electrically behave as metals which have a zero
band gap, however their reflection profiles are not correlated to patterns
observed in metals. This effect is likely caused in part because of a
correlation between the wavelength of THz radiation and the dimensions of
the CNTs. Additional features of THz reflection off of VAMWCNTs are a
spectral ringing effect in the frequency domain [19], and enabling nontransmissive materials to become transmissive invariant of polarization.
Several studies have investigated the transmission of THz radiation
through perforated thin film metal apertures [20]. Metals are traditionally
non-transmissive to THz, however perforated copper apertures have been
created that permit THz to transmit through the material. The unique
transmission effect is caused by the aperture structure, perforation
periodicity, and polarization alignment. The cause of the transmission is
explained by the scientific community as an extraordinary optical
transmission (EOT) effect [21]. The EOT mechanism describes the coupling
3

of free to bound waves and subsequent emission of a fraction of the wave
energy through the material. The transmission phenomenon has been
observed by other research institutions and a hypothesis has been developed
by contributors from Durham University to explain the transmission effect
and its predictions are tested in the thesis. While there is a unified hypothesis
for the unique transmission through the copper apertures, several
explanations for the enhanced reflection from the CNTs exist. An attempt is
made to correlate the enhanced reflection off the VAMWCNTs to the copper
apertures. The attempt at this correlation is rooted in similarities between the
two VAMWCNT and copper aperture phenomenon as observed in the THz
measurements.
This thesis explains the system used to generate the THz radiation and
the utility of using energy at THz frequencies. After a detailed description of
both the VAMWCNT and thin film copper samples that are used during the
experiments, the results of the THz measurements are evaluated. The
analysis of the results will explain specific phenomena observed in both the
reflection and transmission system configurations. Lastly, conclusions are
made about the relationship between the observations and the various
corresponding hypotheses.
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2.

TERAHERTZ FREQUENCY RADIATION
Terahertz

frequency

radiation

occupies

the

region

of

the

electromagnetic spectrum from 0.1 – 10.0 x1012 Hz. The wavelength of THz
based on this frequency range is 0.03 – 3.0 mm, with the longer wavelengths
associated with lower frequencies and shorter wavelengths with higher
frequencies. These wavelengths correspond to photon energies of 0.41 –
41.4 meV/photon, with longer wavelengths associated with lower energies.
The non-ionizing nature of THz radiation is useful for biological purposes
because it does not break chemical bonds [22]. Because of the non-ablative
nature of THz radiation, it is now being used to perform non-destructive
material evaluations [23], [24]. Communication systems based on
continuous wave THz systems are advantageous because of the large data
bandwidths that are possible [25]. While most non-conducting materials are
semi-transmissive to THz radiation, metals are highly reflective. The unique
semi-metal properties of CNT structures can enable their use as nanoantennas for optical radiation [26]-[28]. Terahertz radiation is of interest to
research disciplines with an interest in atmospheric constituents including
water content because water, a polar molecule, is extremely absorptive of
5

THz radiation [29]. In general, gaseous polar molecules have rotational
excitation energies within the THz frequency range [30]-[33]. Often times,
when possible, research groups will purge a THz experimental apparatus
with gaseous nitrogen, which is non-polar molecularly, because nitrogen is
transmissive to THz radiation and so it lacks the THz spectral absorption
features left by water vapor in the air.
In the case that a material is being examined which is composed of
multiple semi-reflective layers that are optically thin compared to the THz
pulse width, metric distances can be obtained for the physical thickness of
each of the layers from the THz time domain spectroscopy (TDS) signal.
When measuring a material with THz-TDS, the recorded signal will contain
information about each of the materials through which it propagated. By
transforming this information out of the time domain and into the frequency
domain, parameters such as refractive index, conductivity, and absorption
coefficients are obtained [34], [35]. Spectral analysis also extends to THzTDS, where spectral features in the frequency domain signal can be used to
identify the presence of specific materials, similar to detecting molecular and
atomic absorption lines [36].
The components of THz generation and detection rely on factors,
many of which are outside the scope of the research. It is necessary however,
6

to provide information on how the fundamentals of the system operate for
other researchers to refer and compare. Because of this, an explanation of
the generation of THz radiation is provided. After describing how the THz
radiation is generated and detected, an overview of the commercial system
that is used and its possible configurations are provided.
2.1.

CREATING TERAHERTZ RADIATION
First, a continuous wave visible light laser with a wavelength of 532

nm causes stimulated emission inside of a titanium sapphire medium. Mode
locking or locking of the phase of the laser frequencies of a continuous wave
laser establishes phase coherency which is essential to obtain the short pulse
widths to get an ultrafast laser [37]-[40]. The laser is Kerr-lens mode
lockable because of the nonlinear photorefractive nature of titanium
sapphire. The result of this process is an 800 nm wavelength ultrafast laser
with 100 femtosecond pulse widths. The pulse repetition rate is 76 MHz and
the photon energy corresponding to 800 nm of a single pulse is 1.55 eV [41].
The generation of THz radiation occurs when the ultrafast laser
energy is incident on a photo-excitable dipole antenna, shown in Figure 2-1,
which is lithographed on one side of a semiconducting gallium arsenide
(GaAs) substrate [42]-[43]. The ultrafast pulses from the laser excite
electrons from the valence band of the GaAs to the conduction band. The
7

band gap of the GaAs is 1.42 eV, which is lower than the photon energy of
the laser pulse and therefore enabling the GaAs to behave as a conductor
allowing electrons to move freely.

Figure 2-1: From left to right are diagrams of the side-view and top-view, respectively, of
the transmitter-reciever assembly. The diagram components are not to scale.

The dipole antenna is an electrode structure with an electrode channel
width of 10 µm and a gap at the center. The gap size can range from 1 – 100
µm, depending on the desired bandwidth and THz signal strength desired.
The antenna electrodes are a dual layer of gold (Au) on top of titanium (Ti),
with the Ti contacting the GaAs semiconductor. The electrodes are biased
with a DC voltage which allows the acceleration of the free charge carriers
from the GaAs. The maximum voltage bias is proportional to both the
electrode gap size and applied electric field strength with a typical DC bias
in the range of 15 – 30 V.
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The density of the free charge carriers varies with a temporal
periodicity that is proportional to the time between the ultrafast laser pulses.
The result of a temporally dependent flux of free electrons through the DC
bias is a time varying current. This time-varying current, which is
proportional to the optical pump power, produces emission of THz pulses
from the antenna. At low current, the power of the THz radiation increases
linearly with pump power and voltage bias. The optical pump power
typically is in the range of 10 – 50 mW, and the emitted THz power is
hundreds of nanowatts with a ceiling of 1 – 2 µW. As with all
semiconductors, too large a current will cause saturation and begin to cause
nonlinear responses and eventual dielectric breakdown of the material. After
creating THz radiation from the antenna laser interaction, the THz pulses are
coupled from the GaAs to a convex hemispherical silicon (Si) lens on the
opposite side of the 500 µm thick GaAs substrate. The entirety of the GaAs
substrate, antenna, and hemispherical lens is called the transmitter.
The purpose of the Si lens is to enable the THz radiation, created in
the GaAs, to exit the transmitter assembly and enter free space. Without the
Si lens, the significant mismatch of refractive index of GaAs to air would
cause the radiation to perpetually reflect inside the semiconductor. The Si
lens has a refractive index less than that of GaAs but greater than that of air
9

and acts as a bridge from GaAs to free space. Thus the Si lens facilitates the
refraction of THz radiation out of the GaAs and into the Si, and then
refraction out of the Si and into air. Lastly, the convex shape of the Si lens
provides the geometric mechanism by which the THz radiation is collimated
upon entering free space.
2.2.

DETECTING TERAHERTZ RADIATION
The detection of THz radiation is essentially the reverse process of

THz generation with several additional steps occurring before THz
detection. First, the 800 nm ultrafast laser is split into two beams using a
beam splitter. These two beams are called the pump beam and the probe
beam. The beam splitter creates a pump beam by sending 90% of the laser
power to the transmitter, while the other 10% creates the probe beam and is
sent to the detection hardware assembly.
The probe beam passes through a mechanically scanning optical delay
line that variably increases and decreases the time it takes the ultrafast probe
pulses to travel to the detector. The delay line accomplishes this by
proportionally changing the distance travelled by the probe beam by sliding
a system of retro-reflecting mirrors either closer or further away from the
THz detector. The purpose of the delay line is to ensure that the ultrafast
probe pulses arrive at the THz detector at the same time as the THz radiation
10

from the transmitter. The delay line is continuously sliding to allow the
femtosecond pulse to scan the THz pulse to obtain peak amplitude
information. As an example, after the delay line is initialized and begins
operation, it will sample a portion of the pulse based on the desired time
resolution. Next, the delay line moves one step and the ultrafast probe pulse
interacts with a different part of the THz pulse. The delay line moves in this
manner until the delay line scans the probe pulse through the THz pulse at
each time resolution interval to construct the entire THz signal.
After travelling through the delay line, the probe beam is incident on
an antenna, identical to the transmitter antenna, lithographed on a GaAs
semiconductor substrate. The GaAs substrate has a silicon convex lens on
the opposite side of the antenna, which is used to focus the incoming THz
radiation from the transmitter onto the electrode gap. The GaAs substrate
used in detection differs from the transmitter substrate because it is dual
layered with the electrode side plated with low temperature grown (LTG)
GaAs, which has sub-picosecond electron relaxation times. The low
temperature growth creates arsenic anti-sites that trap the electrons faster
than the valence band and this mechanism is necessary for fast time
resolution. The LTG-GaAs semiconductor is not necessary in the emitter
assembly, and since it is more expensive financially to manufacture than
11

standard GaAs, LTG-GaAs is found only in the detector assembly. The
assembly of detection antenna and LTG GaAs comprises the THz receiver.
In contrast to the transmitter antenna, the THz receiver antenna does not
require a DC voltage bias on the gold coated titanium antenna electrodes.
The electric field from the THz pulses arriving at the receiver antenna
from the transmitter creates a high frequency time varying voltage bias
across the receiver electrode gap. Because the ultrafast laser pulses are
synchronous in time with the transmitted THz radiation, the probe pulses
strike the electrode gap at the same time that a voltage bias is established by
the THz radiation. The ultrafast pulses then accelerate free charges in the
LTG-GaAs to produce a small pico-amp current. The current is then
amplified using analog methods and digitally recorded to recreate the THz
signal. In this manner, the ultrafast probe pulses are used to sample the
transmitted THz radiation to recreate the signal. If there is no transmitted
THz radiation, a voltage bias is not established to enable the probe pulses to
accelerate charge carriers out of the valence band of the LTG-GaAs
substrate. Varying magnitudes of THz radiation are able to be recorded
because the stronger the incident THz electric field is, the stronger the
voltage bias response, and therefore more charge carriers are moved to the

12

conduction band to be accelerated by the ultrafast probe pulses and generate
a proportionally stronger current flux.
2.3.

TERAVIEW SYSTEM
The THz apparatus used is a commercial system produced by

Teraview [44]. The system has multiple operating configurations. The
system can be configured for THz material imaging, transmission, and
reflection measurements. The imaging configuration, which is not used for
the scattering measurements in this thesis, is a capability of the system to
raster scan in a reflection mode across a material. All reflection
measurements are external system configurations. There are two system
configurations possible to perform transmission measurements: internal and
external. The internal transmission configuration generates THz radiation
inside of the primary unit and the user can interact with the radiation in a
cavity through which focused THz radiation is incident on a sample. The
external configuration differs from the internal configuration based on where
the THz radiation is generated. Whereas the internal configuration is
generated inside the main system unit, the external configuration utilizes
mobile modules to generate THz radiation outside of the unit. The external
configuration offers a larger range of measurement possibilities than the
internal configuration because the emitter and detector orientations are
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variable. The emitter and detector orientations in both the internal
transmission and imaging configurations are static.
The internal configuration is for all intents and purposes not mobile.
The imaging and external reflection and transmission configurations all rely
on mobile modules that are connected to the host unit through the use of
fiber optic cables. Nearly all of the experiments examined in the thesis use
either the external reflection or transmission configurations. A diagram of
the system design and graphic of the modules mounted on the scattering
gantry are shown in Figure 2-2.

Figure 2-2: A diagram of the THz generation process from ultrafast laser generation to
post measurement THZ detection. To the right is the external scattering configuration
being used during measurements.

The Teraview system generates TDS measurements with an effective
bandwidth of 5 THz in the internal system and 3 THz in the external system,
with the external system bandwidth limited because of the dispersion of the
ultrafast optical pulses in the fiber optic cables. Both the primary unit and
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the remote modules consist of assembled free space optical components
including lenses and mirrors for the guiding, focusing, and collimating of
both the near-infrared and THz radiation. The THz radiation can
preferentially be generated in both the external module and the internal
primary unit. The scanning optical delay rail is located in the primary unit
and does not have a duplicate in the fiber optically connected remote
module.
The 800 nm ultrafast laser pulses that are generated in the primary
unit travel through the fiber optic cable to the remote emission module.
Inside the remote module, there is a transmitter identical to that in the
primary unit which also converts ultrafast laser energy to free space THz
radiation. The THz radiation from the transmitter is focused using a 50 mm
focal length plano-convex lens with an f-number of 2. The transmitted THz
radiation is re-collimated using an identical lens on the receiver module. The
reflected radiation is detected by a receiver module that is identical to the
one in the primary unit.
2.4.

TERAHERTZ BEAM CHARACTERIZATION
The beam profile of the THz laser has been characterized

theoretically. Using the diffraction limited spot size for the first zero point of
an Airy disk, the minimum beam radius r0 can be obtained at the focal point.
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The parameters that depend on the minimum beam radius are shown in
Figure 2-3. The direct transmission measurements through air, shown in
appendix Figure E-6, agree with theoretical calculations of the beam
diameter and show that the calculated angular beam divergence θd, is 2%
less than the experimental beam divergence of 58˚.

Figure 2-3: The Rayleigh length ZR, angular beam divergence θd, and beam radius r(z)
are calculated from the minimum beam radius r0.

Once the beam radius at the focal point is obtained, the Rayleigh
length ZR, beam divergence θd, and beam radius as a function of distance
along the focal point r(z) can be calculated.

Equation 2-1

Equation 2-2
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Equation 2-3

Equation 2-4

The Rayleigh length is the distance, along direction of beam
propagation, from the focal point to the place where the minimum spot size
radius r0 is doubled. The beam divergence is the angular increase in beam
diameter with increasing distance from the focal point location. Shown in
Figure 2-4 is the minimum beam radius and Rayleigh length as a function of
frequency for the external Teraview system and Figure 2-5 shows the beam
radius at frequencies of 0.5, 1, and 2 THz. The equations used to define the
parameters for the system are listed below the figures.

Figure 2-4: The beam radius at the focal point with the beam profile modeled as an Airy
disk. At 1 THz the beam diameter is 1.5 mm and the Rayleigh length is 5.6 mm.
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Figure 2-5: The THz beam radius changes with both frequency of radiation and distance
from the focal point. The beam divergence causes the beam spot size to increase further
from the focal point.

An important aspect of beam diffraction is that the radius at a fixed
distance from the focal point changes with different frequencies. The
diameter of a hypothetical lens aperture on a system could be 6 cm for
example. If the detector is rotated so that the edge of the lens closest to the
path of beam propagation is 3 cm separated from the propagation path, then
none of the detected energy would contain components with a frequency of
2 THz. This is because 5 cm away from the focal point the beam radius is 3
cm at 2 THz, so the radiation is outside of the field of view (FOV) and none
of the 2 THz energy will enter the lens aperture. The lens aperture will
collect energy from 1 THz in the configuration described in the example
however because the beam radius at 1 THz is 5.8 cm. This places
approximately 47% of the 1 THz energy within the FOV of the lens
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aperture. This pattern is observed for further decreasing radiation
frequencies as more of the energy is within the FOV. Also, as the frequency
decreases the energy per unit area decreases. This is because, for a particular
frequency, the energy is angularly spread over a wider FOV cone. In
contrast to the previous example, if the lens aperture is directly in line with
the beam path then 100%, 52%, and 26% of the 2, 1, and 0.5 THz energy,
respectively, is within the FOV of the 6 cm lens. While a convenient
hypothetical lens diameter is used in the example, in truth a circular lens
with a radius of 3.1 cm that is symmetrically cropped horizontally to 2.5 cm
is installed on the system used in this thesis.
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3.

BACKGROUND
There has been a significant amount of research into the properties of

CNT arrays and thin film metal apertures. The bulk properties of such
nanostructures are highly dependent on their engineered features and can be
defined by their effective conductivity, permittivity, and indices of refraction
and absorption [45]-[51]. These nanostructures are interesting because they
can be preferentially fabricated to have structure dimensions on the same
order of magnitude as certain wavelengths of radiation to facilitate
interaction with the radiation. These factors can enable a frequency and
polarization dependent response for most nanomaterials. The goal of this
thesis is to determine if there are observable effects of these material
properties which manifest in the reflection and transmission measurements
at THz frequencies. A benefit of this research is to determine if structured
nanomaterials can be designed so that their nanoscale properties affect a
change in the bulk properties thereby affecting THz frequency dependence.
Initial studies into CNT properties trace back to descriptions of
graphene, a two-dimensional allotrope of carbon. The connection between
graphene and CNTs is made when a single layer CNT is shown to be a
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rolled-up layer of graphene. The chirality and diameter of the CNT
determines the electrical properties, such as whether it behaves as a metal or
a semiconductor. Chirality is a description of the orientation of the
hexagonal atomic structure of CNTs. In addition, CNTs can be nested inside
one another to form multi-walled CNTs. These MWCNTs do not have a
band gap and are always considered to be metallic in nature regardless of
tube chirality or tube diameter. Interestingly, these metallic CNTs have been
shown to exhibit broader reflection profiles with THz radiation than bulk
metallic structures at all detection angles for normal incidence [52].
The perforated thin film aperture arrays that have been created for and
studied by the THz community have been metallic in nature. Standard
metallic thin films without perforations are not transmissive to THz
radiation. Interestingly, by perforating the metal film with appropriately
sized holes facilitates indirect transmission through the films. Additionally,
the magnitude of transmission through the perforated films is oscillatory and
decays with time and the spectral profiles show electromagnetic frequency
preference for transmission of THz radiation [53]-[59].
3.1.

VERTICALLY ALIGNED CARBON NANOTUBES

Previous work regarding THz reflection off of VAMWCNTs, which should
behave like a bulk metal at THz frequencies, indicates enhanced reflection at
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all detection angles [60]. This work was performed at Wright State
University and indicates that at THz frequencies an array of VAMWCNT do
not scatter THz radiation as a bulk metal at detection angles far from normal
incidence, as shown in Figure 3-1, but rather they exhibit stronger reflection
that is traditionally uncharacteristic of metals at THz frequencies. This result
is significant because no other independent observation of this enhanced
reflection phenomenon exists in public literature, and the work in the thesis
builds on the discovery. It was also observed that the intensity of scattered
radiation from the CNTs in Figure 3-1 decreased with wider detection
angles.

Figure 3-1: Enhanced reflection of THz radiation off of an array of VAMWCNT as
compared with bare aluminum metal60. Incident radiation is normal to the sample surface.

A total of four VAMWCNT samples were used during the previous
experiments. One of the samples was fabricated on an alumina substrate
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using CVD methods and provided by Dr. Krzysztof Koziol from the
University of Cambridge, U.K. [61]. The reflection observed off this sample
can be seen in Figure 3-1. The Cambridge sample is multi-walled with an
average inner and outer tube diameter of 20 nm and 80 nm, respectively. The
height of the CNT array is approximately 520 µm and the carpet density is
5x106 CNT/mm2 which equates to an estimated spacing of 0.48 µm between
tubes. While the tube diameters from Cambridge are much smaller than the
wavelength of THz radiation, the tube lengths are equal to the wavelength of
radiation with a frequency of 0.6 THz.
In addition to comparing the reflection profile of the VAMWCNT to
aluminum, comparisons with randomly oriented CNTs and a sheet of
graphite were performed. The graphite, which behaves as a conductor, has a
reflection profile similar to that of bare aluminum. In contrast, the
VAMWCNT sample which should behave as a metal, has a significantly
enhanced reflection profile across the detection angles at normal incidence
as shown in Figure 3-2.
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Figure 3-2: Reflection at normal incidence from a VAMWCNT carpet is significantly
pronounced compared with randomly oriented nanotubes and a sheet of graphite60.

Three VAMWCNT samples, acquired from Nanolab Inc., were used
in additional reflection studies. The Nanolab samples are grown on dual
layer quartz substrate with a surface area of 100 mm2 and have tube heights
of 5, 10, and 20 µm. The second layer that is on top of the quartz substrate is
a 300 nm layer of chromium (Cr). The average tube diameter is 100 nm. The
tube density of the VAMWCNT arrays from Nanolab is in the range of 12x109 CNT/cm2 which equates to an estimated spacing of 22.4 – 31.6 µm
between tubes. The tube heights are one to two orders smaller than the
wavelength of THz radiation, and the tube diameters are even smaller. All
three of these samples showed varying levels of frequency dependent
enhanced reflection as compared with reflection from copper as shown in
Figure 3-3.
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Figure 3-3: All three of the Nanolab samples show enhanced reflection effects.
Clockwise from top left is shown spectrograms of reflection from copper, and the 5 µm,
20 µm, and 10 µm tall CNTs, respectively52.

In the figure, the THz reflection from bulk copper at normal incidence
and detection of 45˚ shows little frequency dependence on the reflection
amplitude above 0.8 THz and below 0.4 THz as compared with the Nanolab
samples. The frequency dependence is shown as the regions shaded red
compared to the y-axis of the spectrograms in Figure 3-3. The spectrograms
of the three VAMWCNT arrays all indicate strong frequency dependent
reflection compared to copper. The CNT array with the tallest tubes of 20
µm has the most pronounced reflection, while the 5 and 10 µm CNT arrays
have comparable reflection between them but both are less than the 20 µm
CNT array.
The thesis continues this work by measuring new VAMWCNT
samples acquired from Dr. Maruyama at the Air Force Research Laboratory
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(AFRL) Materials and Manufacturing Directorate [62]. The thesis research
builds on the measurements already taken by recording reflection profiles at
more incident angles and also by sweeping the detector while in a
transmission configuration. The new samples are described in section 3.3 of
the thesis.
3.2.

PERFORATED THIN FILM METAL APERTURES
There is substantial open source literature associated with the

propagation of THz radiation through perforated thin film metal apertures.
There is also a hypothesis stemming from the research which explains the
physical interactions to cause such transmission. The nature of the
hypothesis seeks to explain the observed decaying oscillations in the
temporal waveforms in transmission configurations at normal incidence and
detection, as shown in Figure 3-4.
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Figure 3-4: Extraordinary transmission through perforated thin film copper apertures.
One cycle is 0.8 ps corresponding to 240 µm which is the spacing of the perforations.

The hypothesis to explain the behavior in Figure 3-4 is a time of flight
(TOF) model for extraordinary optical transmission (EOT) relying on
multiple coupling and subsequent decoupling events between surface
plasmon polaritons (SPP) and free space energy waves. Surface plasmons
are travelling electromagnetic fields bound to the surface of a metaldielectric interface and are created by charge density oscillations [63]. When
the charge density oscillations are coupled to a photon, the electromagnetic
fields are called SPPs [64], [65]. In the temporal waveforms of thin film
metal aperture transmission, it can be seen that the oscillations in amplitude
over time have a constant frequency. The frequency of the oscillations is
explained as the frequency of decoupling events of the SPPs at the interface
of a perforation edge and free space, as shown in Figure 3-5. The physical
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decoupling mechanism between free and surface waves to emit a fraction of
the through the material is the EOT phenomenon. The peak emission
frequency associated with EOT events depend predominantly on the
perforation dimensions, spacing between perforations, and the frequency of
the incident radiation. To observe EOT at THz frequencies, the perforations
and their spacing dimensions must be near the same order of magnitude as
the wavelength of the radiation. Therefore, the TOF model is an explanation
for the periodicity of the transmission maxima based on the time required for
the energy to travel between EOT coupling events.

Figure 3-5: Diagram showing the nature of EOT which captures the essence of the TOF
model and free wave to surface wave decoupling and recoupling.

In addition to the EOT phenomenon, there is also a dependence of the
transmission on the polarization in the plane of the thin film apertures. The
polarization dependence is caused by the aspect ratio of the aperture
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perforations not being unity, meaning that the perforations are rectangular in
shape. This leads to a non-optimal transmission when the apertures are
rotated by a certain amount. Several other effects of the thin film apertures
have been observed in addition to the oscillatory transmission with time and
the polarization dependence of the transmission. The other effects are a blue
shift in the frequency of the oscillations and a corresponding broadening of
the period of oscillation with increased perforation widths. Conversely, a red
shift occurs when the perforation lengths are increased and is also linked to a
broadening of the period of oscillation.
In light of the multiple effects observed, the essential property of EOT
is still that the observed transmission maxima are a function of the air-metal
interface and the spatial periodicity of the apertures. The alignment of the
apertures such that the long axis of the perforations lie parallel to the electric
field ensures effective SPP generation and increases the occurrence of EOT
events. The apertures with small perforations experience inefficient coupling
of SPPs due to the sub-wavelength nature of the perforations. If the
perforations are made large while the area of the aperture remains fixed, then
the metallic regions between the perforations become sub-wavelength and
free space energy from a decoupling event cannot efficiently recouple to
SPPs.
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The goal of this thesis is to verify the TOF model of EOT
phenomenon at normal incidence and normal detection. Additionally, the
thesis measures the transmission of the apertures at non-normal detection
angles to assess enhanced transmission at large detection angles at normal
incidence. The previous body of work is further built up by performing
reflection measurements on the thin film apertures in a wide range of
reflection configurations. The measurement of THz radiation in the
reflection configuration with thin film apertures is a new suite of
experiments that are not currently documented in the open source literature.
The purpose of the reflection measurements is to determine if back
scattering is increased between the two electric field polarizations. If the
EOT effect occurs weakest at a particular polarization, then it is desirable to
determine if the energy that would have otherwise been transmitted in the
optimal polarization is either back scattered or absorbed and radiated
thermally by the material. Therefore the reflection measurements combined
with the transmission measurements provide an experimental check for
energy conservation that does not factor in thermal losses. Lastly, a
connection of the EOT effect observed in the perforated metal apertures to
the VAMWCNT reflection observations is attempted.
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3.3.

DESCRIPTION OF CURRENT SAMPLES
This thesis seeks to characterize the reflection of THz radiation from

oriented nanostructures and identify the causal physical phenomenon. A
primary goal of the effort is to study the origin of the reflection seen from
VAMWCNT arrays and reflection and emission from thin film metal
aperture samples. Possible causes of the phenomena observed in reflection
include surface roughness [66]-[72], antenna behavior [73], [74], effective
medium properties [75], and surface wave excitations [76].
3.3.1.

VAMWCNT
Three VAMWCNT arrays are grown by AFRL using CVD methods.

Two samples are grown on substrates of silicon dioxide on silicon (Si-SiO2)
and one sample is grown on quartz. The quartz substrate is purely SiO2,
whereas the Si-SiO2 is actually a thermal oxide layer on top of pure silicon.
The VAMWCNTs, blank substrates, and reference materials measured are
listed in Table 3-1. The CNT samples and substrates were acquired from Dr.
Maruyama at AFRL on February 17, 2012. All three CNT samples from
were fabricated simultaneously, meaning that the CVD chamber in which
the tubes are grown in was shared and growth was initiated at the same time.
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Table 3-1: References, blank substrates, and nanomaterials and their basic characteristics
at THz frequencies.

Name
Copper
Air
Silicon Dioxide
Quartz
VAMWCNT on Si-SiO2
VAMWCNT on Quartz

Type
Reflective Transmissive
Reference
Yes
No
Reference
No
Yes
Substrate
Yes
No
Substrate
Yes
Yes
Nanostructure
Yes
Yes
Nanostructure
Yes
Yes

Figure 3-6 shows macroscopic images of the CNT arrays acquired
from AFRL. During the first round of measurements, the samples were fresh
and without surface imperfections. After two rounds of reflection and
transmission measurements, SEM imaging, and Raman scattering, the
samples show signs of wear. During all of the measurements of the samples,
regions showing no visible signs of damage are used as the focal point of the
THz radiation.

Figure 3-6: Images from left to right of the two VAMWCNT arrays on Si-SiO2 and
quartz respectively.
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The physical thickness of the substrates on which the VAMWCNT are
grown are recorded as their approximate values as measured with a vernier
caliper. The Si-SiO2 substrate has a thickness of 1 mm whereas the quartz
substrate has a thickness of 2 mm. The entire bulk of the quartz substrate is
purely quartz whereas the Si-SiO2 substrate is double-layered. The top
thermal oxide layer of the Si-SiO2 substrate is purely SiO2 and is 250 nm
thick. The remaining bulk of the Si-SiO2 substrate is silicon.
The multi-walled tube outer diameters are, on average, approximately
25 nm. The tube diameters are calculated from top view SEM imagery of the
samples, shown in Figure 3-7. The average tube diameter measurement is
equally valid for MWCNTs grown on both the quartz and Si-SiO2 substrates.
The average diameter is calculated by measuring the diameters of multiple
tube ends in the top view images and selecting the mode value, or the
diameter that occurs most often. Additionally, a moderate degree of spatial
non-uniformity is observed when viewing the top view imagery. This will
possibly affect the reflection and transmission measurement results.
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Figure 3-7: Clockwise from left is a large area of the CNTs on quartz substrate, a
magnification of the same sample, and a magnified area of the CNTs on Si-SiO277.

The heights of the tubes grown on Si-SiO2 and quartz have been
approximated from SEM imagery to be 12 µm and 22 µm, respectively. The
density of the tubes in the array has not been quantified, but qualitatively
they are considered loosely packed. Side views of the AFRL samples are
shown in Figures 3-8 and 3-9. In the Figures, the tubes tend in a vertical
direction and several groups of tubes are seen extending above the average
carpet height.
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Figure 3-8: The images show side views of the MWCNTs on Si-SiO2 substrate77. The
tubes are generally oriented in a vertical direction with numerous tubes extending above
the carpet ceiling.

Figure 3-9: The images show side views of the MWCNTs on quartz substrate77. The
tubes are generally oriented in a vertical direction.

Upon examination of Figures 3-8 and 3-9, it is observed that the tubes
are not as uniformly aligned along their lengths as the Nanolab samples. The
Nanolab samples, with off-angle views shown in Figure 3-10, exhibit strong
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vertical uniformity. Although the AFRL samples the same approximate
height of the tubes from Nanolab, it is possible that the AFRL CVD method
will require modification to improve vertical uniformity.

Figure 3-10: From left to right the 5µm, 10µm, and 20 µm Nanolab VAMWCNT
samples52 show noticeably greater vertical uniformity than the AFRL samples.

When an SEM of the CVD fabricated Cambridge VAMWCNT
sample is examined, shown in Figure 3-11, it is seen that in this case also the
AFRL samples have diminished vertical uniformity. In particular, the
Cambridge samples are 25 – 50 times taller than the AFRL tubes and yet the
former samples still exhibit a high degree of vertical uniformity. The impact
that the lack of vertical coherence can have on polarization effects is
discussed in the analysis of the results from the AFRL VAMWCNT
samples.
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Figure 3-11: The side view (left) and top view (right) of the Cambridge CNT carpet60
indicates strong vertical uniformity in contrast to the slightly disordered AFRL samples.

In an effort to further quantify the physical quality of the MWCNT
samples provided by AFRL, Raman spectroscopy measurements are
performed to assess sample uniformity. Raman spectroscopy provides
information regarding the type of tubes grown as well defect information.
The Raman spectroscopy results are shown for AFRL VAMWCNTs grown
on quartz and Si-SiO2 in Figures 3-12 and 3-13, respectively.
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Figure 3-12: Raman spectra of AFRL VAMWCNT carpets grown on quartz77.

Figure 3-13: Raman spectra of AFRL VAMWCNT carpets grown on Si-SiO277.

In the figures, the “D” peak results from amorphous carbon as well as
defects in the tubes [77]. The “G” peak results from graphitic carbon. The D
to G intensity ratio can be used to estimate the number of defects present in
the carpet. The D to G ratio of both the Si-SiO2 and quartz grown tubes is
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approximately one-half. This ratio along with the relatively smooth baseline
in the figures indicates the tubes are primarily MWCNTs. The peaks circled
in figure 3-13 represent either single or double walled CNTs. It is not
uncommon that in each carpet grown with liquid injection a few single wall
CNTs will form.
3.3.2.

THIN FILM COPPER APERTURES
The thin film copper apertures are electroformed using lithographic

processes and are strictly thin film copper with no residual material present
[78]. The sample tested in this thesis is provided by Dr. Andrew Gallant of
Durham University, U.K. There are nine apertures with a grid of
perforations constituting a single aperture. To remove confusion, the
apertures are given an alphabetical naming convention. The reference
materials, and perforated apertures used during the measurements are listed
in Table 3-2.

39

Table 3-2: References, substrates, and nanomaterials and their basic characteristics at
THz frequencies.

Name
Type
Copper
Reference
Air
Reference
Aperture A
Nanostructure
Aperture B
Nanostructure
Aperture C
Nanostructure
Aperture D
Nanostructure
Aperture E
Nanostructure
Aperture F
Nanostructure
Aperture G
Nanostructure
Aperture H
Nanostructure
Aperture I
Nanostructure
*Denotes polarization dependency

Reflective
Yes
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Transmissive
No
Yes
Yes*
Yes*
Yes*
Yes*
Yes*
Yes*
Yes*
Yes*
Yes*

The thin film copper has an approximate thickness of 30 nm. The nine
grids of perforations, called apertures, are all assembled on a single thin
copper sheet and arranged in a rectilinear fashion as shown in Figure 3-14.
The perforations of each of the nine aperture grids are assembled using a
square layout design. In each of the nine apertures, there are an equal
number of perforations in the rows as are the columns for a single aperture.
An alphabetical naming convention for each aperture has been established as
shown in Figure 3-14. Lastly, the perforations are ellipses with the ellipse
major axis oriented vertically as shown in the top of the diagram in Figure 314.
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Figure 3-14: There are nine apertures with the above naming convention contained on the
thin film copper. The perforations are ellipses, oriented vertically as in the top of the
diagram, and populate a square aperture area.

To quantify the dimensions of the apertures and sub-aperture
geometries, measurements are taken of the of the thin film copper. The
measurements are performed using a vernier caliper and microscope. The
quantities examined include aperture side length, aperture-to-aperture
separation, and perforation separation. The aperture horizontal and vertical
side lengths are found to be equal for a specific aperture and the separation
between apertures is found to be constant for a particular row of apertures.
In addition to the aperture dimensions, which are shown in Figure 3-15, an
assessment of the perforation dimensions is performed.
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Figure 3-15: A diagram depicting the spatial dimensions of each aperture and the spacing
between each aperture.

Microscope images of each of the apertures have been recorded to
verify that the number of perforations in the row equal the number in the
column for a particular aperture. The microscope images are shown in
Figure 3-16 and they are ordered such that they match the alphabetical
naming convention in Figure 3-16. Using the images, it is verified that the
top row of apertures is indeed 20 rows by 20 columns, the middle row being
18x18, and the bottom row 16x16. The perforations are seen to be laid out in
an offset pattern, with each subsequent row of a single perforation nested
between the other. There is a “THz” carved out at the top of the copper film.
When the observer views the copper film in front of them and the “THz” is
at the top and reads left to right, the major axis of the perforation ellipses are
aligned vertically.
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Figure 3-16: The microscope images of the copper film apertures provide a valuable
verification mechanism to validate the nanomaterial patterns.

The pattern of perforations on the apertures is nontrivial in
complexity. The perforation major axis length and minor axis length are
constant within a particular aperture. In addition, the separation of the
perforations between one another is constant within a particular aperture.
Using reference images like the ones shown in Figure 3-17 and the known
perforation major and minor axis lengths provided by the manufacturer, the
perforation separation values are approximated. There is an assumed
absolute error in measurement of perforation separation distances of
approximately 10 µm.
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Figure 3-17: From left to right are lattices of apertures A, F, and C respectively. The
ellipse major and minor axis lengths and separations are a, b, aΔ and bΔ, respectively

Similar to the perforation dimensions, the perforation-to-perforation
separations shown in Figure 3-17 are not constant across all apertures but
vary depending on the aperture. Because the aperture surface area is constant
for each row of apertures, enlarging or reducing the perforations causes a
reduction or enlargement of perforation separations, respectively. The
perforation major axis length, a, has an associated major axis separation, aΔ.
Similarly the perforation minor axis length, b, has a minor axis separation
bΔ. The total number of perforations per aperture is Np, and Ap is the surface
area of each perforation. The minor axis length decreases with increasing
major axis length which keeps the perforation area approximately constant
for each row of apertures. Additionally, the perforation surface area
increases with each row of apertures. The properties that are associated with
the perforations in each aperture are connected to their alphabetical name in
Table 3-3.
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Table 3-3: The physical characteristics of the perforated thin film apertures.

#
A
B
C
D
E
F
G
H
I

Ap (x103 µm2) a (µm) aΔ (µm) b (µm) bΔ (µm)
6.28
200
347
40
188
6.32
230
317
35
193
6.24
265
282
30
198
7.56
270
203
35
123
7.54
240
337
40
195
7.49
212
365
45
190
9.73
210
336
59
168
9.65
232
314
53
174
9.50
263
283
46
181
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Np
400
400
400
324
324
324
256
256
256

4.

VAMWCNT
The goal of this chapter is to identify the enhanced reflection

phenomenon that has been previously observed, and attempt to analogously
observe the effect in the transmission system configuration. During data
analysis, new observations are made about previously unnoticed
phenomenon, such as the spectral ringing effect and changes in the THz
transparency of Si-SiO2. Lastly, this chapter offers several hypotheses to
explain the enhanced reflection effect by recognizing phenomenological
parallels with other experimental observations in the materials science
community.
The testing of VAMWCNT samples from AFRL has generated 1320
THz-TDS profiles in both transmission and reflection system configurations.
In addition to the CNT measurements, there are also accompanying TDS
measurements for blank substrate and reference materials with all of the
possible configurations detailed in Appendix B. All of the THz-TDS
measurements pertaining to the VAMWCNTs, substrates, and references are
listed in Table 4-1. From each of the CNT and blank substrate THz-TDS
profiles, there are 1771 reflectance and 98 transmittance profiles generated.
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Approximately 15% of the VAMWCNT reflection measurements are
identically redundant to another measurement in that the same sample is
recorded in the same scattering geometry with the exception that two
identical measurements are 18 days apart enabling a quantification of the
reproducibility of results.
Table 4-1: The number of THz-TDS measurements recorded for a particular material in
each month that experiments are conducted.

Type
December March May June July August
Quartz CNT
0
339
1
20
50
143
Si-SiO2 CNT
0
339
2
40
100
286
Quartz
0
162
1
20
50
0
Si-SiO2
0
162
1
18
50
90
Cu
37
210
1
0
56
13
Air
0
0
1
22
0
1

Polarization dependence is checked in both the transmission and
reflection configurations for all three of the VAMWCNT samples. The
VAMWCNT samples are measured at a certain orientation and then
subsequently rotated 90˚ and re-measured. The polarization measurements
assume that the electric field of the incident radiation is in the plane of the
sample surface. The polarization dependence of the VAMWCNTs is not
provided as a section because the results indicate no polarization
dependence, as shown in Figure 4-1. If polarization dependence is expected
to occur with VAMWCNT samples, it likely is not observed in the AFRL
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samples because of the general non-uniformity in vertical tube growth as
indicated in chapter 3.

Figure 4-1: The low percent difference between the polarization states of the
VAMWCNT samples indicates no dependence of transmittance based on polarization.

4.1.

TRANSMISSION
The transmission of THz radiation through the VAMWCNT samples

requires the energy to propagate not only through the CNTs but also the
substrate on which the CNTs are grown. Therefore the transmission
quantities of VAMWCNT arrays in this chapter are likely to contain an
unknown level of frequency domain contribution from the substrates. While
efforts at deconvolution techniques, outlined in Appendix A, in the
frequency domain can yield insight into the substrate contamination, no
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radiometrically accurate technique for removing the substrate effects from
the mixed CNT-substrate signal has been implemented.
The transmittances of the samples are calculated following the
technique described in Appendix A. Transmittance in this thesis defines the
percent measured transmission through a sample with respect to a reference,
and does not refer to the Fresnel transmission term. The transmittances of
the quartz and two Si-SiO2 VAMWCNT samples are compared to one
another. In addition, the transmittance of the quartz VAMWCNT is
compared with the blank quartz substrate to provide insight into spectral
features that are specifically unique to the VAMWCNT sample. In the
transmission configuration at normal incidence and normal detection, the
index of refraction is calculated for all of the VAMWCNT and quartz
substrate. The blank Si-SiO2 substrate measurements are omitted from the
transmission based characterizations because this type of substrate is not
transparent to THz radiation.
It is important to note the difference between the internal and external
system characterizations. The internal system is more efficient at generating
THz radiation than is the external system, as explained in Appendix B. As an
example of how this difference can affect the characterizations, Figure 4-2
shows the transmittance of the VAMWWCNT using the internal system,
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whereas Figure 4-3 shows the same samples measured in transmission using
the external system. Comparing the two figures, the shape of the waveforms
is similar, but the transmittance calculated using the external system is
consistently lower by 5 – 10%. Because of this, and since the bandwidth of
the internal system is greater, the internal transmission measurements are
preferentially referred to whenever possible.

Figure 4-2: The internal system generates THz radiation more efficiently and yields
higher material transmittances as a result.
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Figure 4-3: The external system consistently yields transmittances 5% - 10 % less than
those from the internal system.

Using Figure 4-2 as a guide, there is a significant amount of spectral
ringing of constant periodicity throughout the spectral waveform. The nature
of the ringing is thought to arise from multiple internal reflections occurring
within the VAMWCNT samples. If the VAMWCNT sample is thought of as
a two layer material with each layer of uniform composition, then there are
three interfaces for the radiation to interact at. The presence of the ringing
indicates that the materials are not optically thin to the THz radiation but
rather is significantly interacting with it. A look at the behavior of the
spectral ringing is shown in Figure 4-4 for a larger range of frequencies.
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Figure 4-4: The spectral ringing effect persists through the GHz region and well into the
THz regime to include frequencies less than 2 THz.

The measurements of peak-to-peak frequency differences in Figure 44, the frequency interval at which the ringing occurs is determined. The
quartz VAMWCNT has a frequency interval of 63 GHz between peaks,
which corresponds to a wavelength interval of 276 µm. Similarly, the SiSiO2 frequency interval is found to be 74 GHz, corresponding to wavelength
interval of 315 µm. Using this information, the frequency of subsequent
peaks, νm, can be calculated using Equation 4-1, where m is an integer and
Δν is the frequency interval between peaks.

Equation 4-1

To better understand the multiple internal reflections, analysis of the
VAMWCNT temporal waveforms is performed, as shown in Figure 4-5. In
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the temporal waveform, the largest amplitude is associated with the first
transmitted THz pulse. This pulse strikes the first interface, and is refracted
through the material and to the detector. After the main pulse, multiple
pulses of smaller amplitude are seen following in time. Similarly as with the
frequency domain analysis, the temporal waveforms exhibit a periodicity to
the secondary pulses. The pulse following the main pulse undergoes
reflection off two interfaces before exiting the material, and the third pulse
experiences four reflections before transmission.

Figure 4-5: The temporal waveform demonstrates multiple internal reflections occurring
before eventual transmission, seen as tertiary pulses following the main pulse.

For example, the temporal transmission waveform for quartz
VAMWCNT has a periodicity of 820 fs, which corresponds to the radiation
travelling 2.46 mm between transmitted pulses. This means that the sixth
pulse travelled 1.83 mm further than the primary pulse and underwent ten
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internal reflections before transmitting through the quartz VAMWCNT.
Similarly, the Si-SiO2 VAMWCNT waveform has a periodicity of 738 fs,
corresponding to a distance of 2.21 mm. Similar to the frequency intervals,
the time at subsequent temporal peaks, tm, is determined from Equation 4-2,
where m is an integer and Δt is the time interval between peaks.

Equation 4-2

In an effort to better understand the source of the spectral ringing in
the quartz VAMWCNT, transmission of THz radiation through the quartz
substrate is measured. The transmittance through the blank substrate is
shown in Figure 4-6. The frequency interval for blank quartz substrate is
found to be 66 GHz, which corresponds to a wavelength interval of 286 um.
This leads to a difference of 3 GHz, or 10 µm, between the intervals of
quartz and the CNT counterpart. It is uncertain what the significance is of
this number, or whether or not it is statistically significant based on the error
in the measurement. It is interesting to note however, that the thickness of
CNTs grown on quartz is approximately 22 µm which is just twice the
difference.
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Figure 4-6: The Transmittance profile of blank quartz substrate shows the same spectral
ringing feature present in the CNT counterpart.

Comparing the time domain signal of the blank quartz substrate to the
CNT counterpart, it is anticipated that the time period between transmitted
pulses should decrease slightly because there are fewer reflecting interfaces.
Using data from Figure 4-7, the time between transmission events is
approximately 737 fs, equivalent to a distance of 2.21 mm. While it is
acknowledged that the periodicity of the peaks in the temporal domain is not
exactly constant, there does exist of a plurality of peak separations that are
used to estimate the periodicity of the oscillations. Using this methodology,
the distance characteristic of the quartz substrate is 90% of that for the
quartz VAMWCNT. This indicates two or a combination of possibilities.
First, either the radiation is travelling a greater distance due to the added
length of the CNTs. Second, the presence of the CNTs adds to the optical
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thickness at the THz frequencies therefore taking longer time for the
radiation to transmit after reflection. The likeliest scenario is a combination
of these two possibilities.

Figure 4-7: The time domain signal through blank quartz substrate has the satellite
transmissions similar to the CNT counterpart.

It is further noted that the thickness of the quartz substrate is twice
that of the Si-SiO2 substrate, as measured with a vernier caliper. Despite this
difference in thickness, it takes the THz radiation only 90% less time to
transmit through the Si-SiO2 than quartz VAMWCNT samples. This is likely
explained by the fact that radiation travel faster in the quartz as compared to
Si-SiO2, or equivalently that they do not have the same refractive index.
Notably, blank Si-SiO2 is opaque to THz radiation. When CNTs are grown
on the Si-SiO2 surface however, it becomes semi-transparent to THz.

56

Based on the observation of enhanced back scattering from chapter 3,
the possibility of encountering enhanced forward scattering in the
transmission configuration warranted measurements in the external system.
In the external system transmission measurements, the incident radiation is
normal to the surface of the samples and the receiver is swept to detection
angles outlined in Appendix B. Similar to the internal transmission system
measurements, all three VAMWCNT samples and the quartz substrate are
measured. Enhanced forward scattering is determined to exist if the intensity
of the transmission through the VAMWCNT samples is greater than that
through air. The initial result of the test is shown in Figure 4-8.

Figure 4-8: The integrated spectral power at each detection angle indicates no enhanced
transmission effects from the VAMWCNTs.

Upon examination of Figure 4-8, none of the samples has integrated
power values above that of air. The integrated power is defined in Appendix
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A. In the figure, the transmission profiles are symmetric about the peaks in
power. The quartz VAMWCNT sample has transmission greater than that of
the Si-SiO2 samples and persists through all of the detection angles. It is
possible however that placing the power of the VAMWCNT samples on par
with the air, that is normalize all of the samples to air, will highlight
differences in the power features. The normalized integrated power is shown
in Figure 4-9.

Figure 4-9: The normalized integrated power shows that the transmission through air falls
off faster, away from the peak, than the VAMWCNT falls.

While none of the VAMWCNT samples has transmission features
greater than that of air, two other features are noted. First, the transmitted
power of the VAMWCNT is broader around normal detection angles than
with air. This is seen in Figure 4-9 because the width of the integrated power
profile for the VAMWCNT is wider than for air, and this is true for all the
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detection angles. Therefore, although no enhanced transmission is observed,
a broader and more spatially diffuse transmission profile over air is recorded
for the VAMWCNTs. Second, the peaks of integrated power for the three
VAMWCNTs appear shifted to left of normal detection in Figure 4-9
whereas the peak power through air aligns with normal detection.
Specifically, the quartz and Si-SiO2 VAMWCNTs are shifted to the left by
approximately 1.7˚ whereas the other Si-SiO2 VAMWCNT is shifted by
0.8˚. All three of these shifts are less than the 4˚ angular resolution of the
scattering configuration.
4.1.1.

BEHAVIOR OF Si-SiO2
During the transmission measurements it is observed that the blank Si-

SiO2 substrate, shown in Figure 4-2, is not transparent to THz radiation.
Because of this, no transmission measurements are recorded for the blank
substrate. However, when MWCNTs are vertically grown on the Si-SiO2
substrate, the layered composite structure becomes transparent to THz
radiation and has temporal transmission amplitudes comparable to that
through the quartz VAMWCNT sample. While the change in transparency
does not have a validated explanation, there are several hypotheses which
have been developed to provide possible causes.
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Figure 4-10: A microscope image of a blank Si-SiO2 substrate showing a characteristic
purple color.

The first explanation is that during the CVD growth process, the
chemical composition of the substrate changes to enable the transmission of
THz radiation. Whether the change is caused by the growth chamber
temperatures, the injected inert gases, or a combination of the two is not
known. Whether the chemical change is a breaking down of the silicon
crystalline structure into islands of silica or a realignment of the silicon with
chamber gases is also unknown, although the former seems more probable.
A final explanation is that there is a physical mechanism occurring to allow
the THz radiation to couple to the surface of the CNT tubes and re-radiate
the energy along the edge of the VAMWCNT sample towards the detector.
This explanation of energy re-emission seems improbable based on the high
efficiency required of the process to obtain the radiation intensity levels
observed at the detector. Lastly, it is noted that a soft plastic tipped tweezer
is used to handle the samples and mount them into position. During the
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handling process, the CNTs are removed from the contacted area of the
sample exposing the substrate growth surface. Based on visual observation
of the exposed area, it is determined with high confidence that the 250 nm
layer of SiO2 on top the silicon is still intact because it retains its highly
reflective purple color and does not look matte black like the bulk silica.
4.2.

REFLECTION
The scattering of THz radiation by VAMWCNTs is of interest

because of the previous observations of enhanced back scattering. Using
independently crafted VAMWCNT samples, the determination about the
universality of this effect is tested. After recording the data from the external
scattering configuration, assessments are made regarding the differences
between the three VAMWCNT samples. Temporal and spectral analysis of
reflections off the samples where 90˚ separate the transmitter and receiver,
with incidence and detection at 45˚ to the sample surface is performed. The
immediate observation from the TDS analysis is that the two VAMWCNTs
grown on Si-SiO2 have significantly different reflection responses, shown in
Figure 4-10. Based on the transmission data there is no significant difference
between the two Si-SiO2 VAMWCNT samples. Because of the difference,
the Si-SiO2 sample with the lower response is designated Si-SiO2(1) and the
one with the stronger response is Si-SiO2(2). The calculation of the
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difference in peak reflection amplitude shows that Si-SiO2(1) has an
amplitude 68% of the Si-SiO2(2) peak amplitude, but that the quartz
VAMWCNT is 89%, which is comparable to the Si-SiO2(2) VAMWCNT.
An initial guess from the TDS is that the data label for the quartz is
accidentally switched with that of one of the Si-SiO2 samples.

Figure 4-11: Time Domain signals from reflection off the three VAWMCNT samples.

Analyzing the frequency domain transform of the TDS shows that in
fact the data is labeled correctly. Using the frequency data in Figure 4-11, it
can be seen that the interval between frequency peaks due to ringing is
synchronized between the two Si-SiO2 VAMWCNT samples and both are
asynchronous with the quartz VAMWCNT sample. The significant decrease
in Si-SiO2(1) reflectance is evident in the steep fall off with increasing
frequency, while the Si-SiO2(2) and quartz amplitudes remain comparable.
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Figure 4-12: The frequency domain reflection amplitudes of the three VAMWCNT
samples.

The cause of the amplitude mismatch indicates that there might be a
scattered frequency selection component to the Si-SiO2(1) VAMWCNT
sample. There is no indication from the researchers that the recording of the
Si-SiO2(1) signal is not of high quality and that the sample is mounted
correctly which then requires a physical difference between the two Si-SiO2
samples causing a corresponding difference in the scattered amplitudes.
Possible insight into this difference can be gained by comparing the
reflectance of the Si-SiO2 VAMWCNT, shown in Figure 4-12.
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Figure 4-13: The reflectance of the three VAMWCNT samples at 45˚ incidence and -45˚
detection angles.

The synchronization of frequency intervals between the two Si-SiO2
VAMWCNT samples in Figure 4-12 is more pronounced than the spectral
amplitude representation. The quartz VAMWCNT frequency interval can be
seen to be almost exactly out of phase with the Si-SiO2 samples. The ringing
is also observed to disappear from the quartz the reflectance profile after 900
GHz while the ringing remains strong for the Si-SiO2(2). The ringing in the
Si-SiO2(1) VAMWCNT decays significantly after 500 GHz and at 900GHz
it is 25% of its amplitude at 300 GHz. The spectral ringing amplitude
decreases by 50% from 300 GHz to 900 GHz for the Si-SiO2(2)
VAMWCNT. At a frequency of 300 GHz, all three signals are strong and
have spectral ringing amplitudes within less than 20% of one another.
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It is interesting to note that the reflectance of blank Si-SiO2 substrate
in Figure 4-13 does not have any evidence of ringing, which means that
there are no internal reflections occurring in the blank substrate. This
implies, based on the transmission measurements of the substrate that all of
the incident energy is being reflected at the air-surface interface and none is
refracted into the material. This contrasts sharply with the Si-SiO2
VAMWCNT reflectance measurements which have pronounced spectral
ringing, implying that multiple internal reflections are occurring in those
samples before the energy is emitted out of the same side as the incident
radiation. Lastly, it is observed based on the reflectance profiles, that at 200
GHz the blank Si-SiO2 substrate is unity meaning that its surface reflects as
much energy as is directly measured transmission through air, whereas the
Si-SiO2 VAMWCNT has a reflectance of 65% of the direct transmission
through air. In fact, the reflectance of blank Si-SiO2 substrate is consistently
20 – 30% higher than the Si-SiO2(2) VAMWCNT sample. As seen with the
transmission measurements, applying the CNTs makes Si-SiO2 transmissive,
so it is assumed that the 20 – 30% difference is predominantly being
transmitted through the VAMWCNT and to a much lesser extent absorbed.
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Figure 4-14: The reflectance of the blank Si-SiO2 substrate at 45˚ incidence and -45˚
detection angles.

As a final comparison between the time domain VAMWCNT signals,
the blank Si-SiO2 substrate is compared to the Si-SiO2(2) VAMWCNT
signal. It is calculated that the first reflection event of the VAMWCNT is
29% less than the reflection off the substrate. The Si-SiO2 substrate signal is
shown in Figure 4-14. This further reinforces the observation that blank SiSiO2 does not transmit energy through the sample, but the process of
growing CNTs on its surface changes its transparency and thus reducing the
back reflection amplitude. Lastly, an attempt to identify similarities in the
time domain signals of the VAMWCNTs measured in August 2012 with
signals measured in March 2012 is performed. As shown in the August data
of Figure 4-10, the amplitude of the quartz and Si-SiO2(1) is less than that of
the Si-SiO2(2) by 89% and 68%, respectively. The March data indicates
66

completely different results, with the quartz being the strongest, and the SiSiO2(1) and Si-SiO2(2) less than quartz by 89% and 74%, respectively. It is
noted, however, that the March data has a steel mounting plate behind the
samples and in the August data the samples are mounted over a hollow
cavity.

Figure 4-15: The temporal reflection of blank Si-SiO2 substrate at 45˚ incidence and -45˚
detection angles.

4.2.1.

ENHANCED SCATTERING
A verification of previous results indicating the presence of enhanced

back scattering off the VAMWCNT is attempted. Using similar methods to
demonstrate the previous results, the integrated power at each detection
angle for normal incidence is calculated. Comparing the integrated power of
the VAMWCNT to that of bulk copper will provide a reference to a known
67

specular metal that should not exhibit enhanced reflection. The results of the
calculation are shown in Figure 4-15. Figure 4-16 has the substrate results.

Figure 4-16: The integrated power versus detection angle demonstrates no substantial
difference in reflection between highly specular copper and the VAMWCNTs.

Figure 4-17: The integrated power versus detection angle of bulk copper and the blank
Si-SiO2 substrate.

From Figure 4-15, no discernible pattern representing enhanced
reflection is observed for any of the VAMWCNT samples. The quartz
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VAMWCNT sample is slightly higher than copper at all of the detection
angles, but not as great in magnitude as was seen in the previous results. In
the previous measurements that verified the existence of the enhanced
reflection effect, one of the VAMWCNT samples is grown on alumina,
while the other three are grown on Cr coated quartz. In those measurements,
the samples are mounted directly to a solid metal plate. In an effort to best
duplicate the measurement scenario performed previously, the current
VAMWCNT samples from AFRL are mounted to a solid steel back plate
and measured at all of the scattering configurations as when the samples are
mounted over a cavity.
The results of the altered measurement configuration are shown in
Figures 4-17 and 4-18. The figures display the integrated power in an effort
to verify the previous results. Similar to when the samples are measured over
a cavity, the solid back plate measurements indicate no enhanced reflection
effect. The most interesting observation to be made from the figures is that
the integrated spectral power of blank quartz substrate mounted over solid
steel is greater than the power from pure copper.
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Figure 4-18: The integrated reflection power of VAMWCNT and bulk copper at normal
incidence.

Figure 4-19: The integrated reflection power of bulk copper, Si-SiO2 substrate, and quartz
substrate at normal incidence.

Although no enhanced scattering effect is observed in the current
research data presented in this thesis, insight into the disparity between the
reflectance of the two Si-SiO2 VAMWCNTs is presented in the integrated
power results. It is noticed that the Si-SiO2(1) and Si-SiO2(2) show strong
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agreement at all detection angles at normal incidence, with the exception
being at 40˚ detection in Figure 4-15. This correlation contrasts with the
results in Figure 4-11, which shows a poor agreement in the spectral
amplitudes of Si-SiO2 VAMWCNTs. Recalling that Figure 4-11 corresponds
to an incidence angle of 45˚ whereas the integrated power results correspond
to normal incidence, the behavior of the Si-SiO2 VAMWCNT samples
appears dependent on the incident-detection angle combination. This extends
to the quartz VAMWCNT sample which has an integrated power greater
than the Si-SiO2 samples at normal incidence and all detection angles,
whereas at 45˚ incidence the spectral amplitudes are less than those of SiSiO2(2). Referring to Appendix B shows the diversity in incidence-detection
pairs that exist in the measured data repository. From this large volume of
data, for example at simple equal angle pairs of 60˚ and -60, or 30˚ and -30˚,
a pattern in VAMWCNT response might be determined by a future
researcher and extrapolated to all the other combinations of angle pairs.
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5.

THIN FILM COPPER APERTURES
There is extensive evidence, as documented in the first three chapters,

of the existence of SPP phenomenon causing transmission through thin film
perforated aperture arrays. The thin film copper apertures tested in this thesis
are composed of elliptical perforations. The results of the measurements are
unique because all other published test results of the EOT phenomenon
associated with thin film apertures have been performed on rectangular
perforations in a forward scattering transmission configuration. The EOT
phenomenon, while often referred to in the context of transmission, is more
closely associated with the indirect emission of SPP energy rather than direct
transmission of the radiation. In this sense, apertures with appropriate
perforation sizes and separations are not necessarily transparent to the THz
radiation, but rather preferentially reemit radiation wavelengths in the
direction of incident radiation propagation. The testing that is performed in
this thesis is composed of both transmission and back scattering
measurements to observe EOT phenomenon and to assess the TOF model.
The testing of thin film copper apertures provide by Durham
University has resulted in 887 THz-TDS profiles, 160 of which are from
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transmission measurements. The thin film copper samples are measured
along with the AFRL CNT samples so the thin film copper calculations
make use of the same reference signals as the CNTs. All of the THz-TDS
measurements pertaining to the thin film copper measurements are listed in
Table 5-1. In Table 5-1, “Cu Film P1” refers to an orientation of the thin
film copper as shown in Figure 3-14, whereas “Cu Film P2” refers to an
orientation that is rotated 90˚ clockwise with respect to an axis running
through the center of the sample face. The “Cu Film” refers to measurements
of a region between perforated apertures, or blank thin film copper substrate.
Results for aperture D are not included in the analysis because of an
anomaly during recording aperture D data but the aperture is included with
conclusions of the other eight apertures. The aperture D data is successfully
recorded, but requires additional time to process the results.
Table 5-1: The number of THz-TDS measurements recorded for a particular material in
each month that experiments are conducted.

Type
Cu Film P1
Cu Film P2
Cu Film

December
0
0
0

March May June July August
0
0
160
0
718
0
0
0
0
6
0
0
0
0
3

The non-perforated thin film copper is measured in the reflection
configuration to determine how similar the thin film reflection is to bulk
copper reflection. The region of the thin film copper without perforations is
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measured at several spectral angles. At 45˚ incidence and 45˚ detection the
peak temporal domain reflection amplitude of the blank thin film copper is
99 % of that of bulk copper at the same scattering angles. A more accurate
comparison is obtained by computing the percent difference between the
reflectance at 45° incidence and 45° detection shown in Figure 5-1.

Figure 5-1: The spectral reflectance of bulk copper is significantly less than that of nonperforated thin film copper. The percent decrease is of bulk compared to thin copper.

The results of the comparison indicate that non-perforated thin film
copper is significantly more reflective than the bulk copper available in the
lab and is likely due to the relative smoothness and cleanliness of the thin
film. Whereas the agreement between the non-perforated thin film and bulk
copper is poor, the transmission of the two samples is essentially zero. In the
internal transmission mode, the transmission of the thin film copper is not
exactly at the noise floor of the measurement. The slight amplitude elevation
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in the time domain is less than 1% of direct transmission but still observable.
This could be caused by emanation from a nearby perforated aperture where
much diminished EOT events are occurring. Also, some residual THz
energy might also be penetrating directly through the thin film because of
the wavelength of the THz radiation is ten times larger than the thickness of
the thin film. However, the skin depth of copper at 100 GHz, 1THz, and 10
THz is 1.16 µm, 0.51 µm, and 0.16 µm respectively, and therefore it is
unlikely that the THz radiation is transmitting through the non-perforated
thin film copper.
5.1.

TRANSMISSION
The transmission through the apertures is caused by a coupling of SPs

to the incident free space THz radiation. The decoupling of SP from the
radiation causes an EOT event at the location a perforation edge. Because
the time interval between EOT events is related to the spacing between
perforation edges, the TOF model seeks to predict the time of occurrence of
EOT events. The EOT events are observed as peaks in the TDS signal and
TOF determines the time required for electromagnetic energy to reach
subsequent perforation edges. It is important to note that this thesis assumes
the time required to decouple SP from the radiation at a perforation edge is
infinitely short and so does not add to the TOF.
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In an effort to determine if an enhanced transmission effect is
observed from EOT of the thin film apertures, the integrated spectral power
of the nine apertures are compared to air, as shown in Figure 5-2. The top
left diagram of Figure 5-2 indicates that EOT of the apertures emits much
less spectral power than is transmitted directly through air at all detection
angles for normally incident radiation. The top right diagram in figure 5-2
demonstrates which aperture has superior EOT effect by removing the
dominant power profile of air. In this diagram it can be seen in order of
decreasing power that apertures I, H, G, E, C, F, B, and A optimally reemit
radiation to the detector. In bottom diagram of Figure 5-2, the integrated
power of all nine apertures is scaled to that of air to exaggerate any
differences in power profile shape. It is noted, as is the case with
transmission through VAMWCNTs at normal incidence, that the power
curves of the apertures are all comparatively broader than the steeply falling
power through air. The normalized power shows that the decrease in power
at larger detection angles occurs more slowly in the apertures than air,
indicating that the apertures are slightly more spatially diffusive than air to
THz radiation.
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Figure 5-2: Clockwise from top left is the integrated spectral power of EOT of the nine
apertures and direct transmission through air, the EOT of only the apertures, and the
normalized power of the apertures and air.

While the integrated power across the detection angles does not
indicate any enhanced forward scattering from the apertures, the spectral
transmission amplitudes at normal incidence for sweeps of the detector show
interesting behavior for certain THz radiation frequencies. Most noticeably,
the spectral amplitudes of all the apertures between 600 GHz and 800 GHz
at normal incidence and detection are much nearer to that of air than they are
at any other frequencies. For example, the spectral amplitude of apertures I
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and B at their selection frequencies of 651 GHz and 715 GHz respectively,
are much nearer to the maximum spectral amplitude of air than at 300 GHz.
At the former frequencies, apertures I and B are 87% and 76% respectively,
that of the peak spectral amplitude of air whereas at 300 GHz they are 13%
and 6% of air at 300 GHz. These results are shown in the spectral amplitude
diagrams of Figure 5-3.
In the top left diagram of Figure 5-3, at a randomly selected frequency
of 300 GHz, all nine apertures have spectral transmission amplitudes that are
approximately 10% that of air at the same frequency. Compare this to the
diagram at the top right, at the 702 GHz selection frequency of aperture E,
where the spectral amplitude of aperture E is nearly equivalent to that of air.
At 702 GHz the other eight apertures have elevated spectral amplitudes, in
contrast to 300 GHz, with aperture A having the lowest maximum amplitude
of 33% of air. Lastly, the bottom diagram shows the peak spectral
amplitudes of each of the apertures at their respective selection frequencies
compared. Also shown is the spectral amplitude of air at its maximum
transmission frequency. Summarizing these observations, there exists a
selection frequency of maximum transmission unique to each aperture such
that the spectral amplitudes approach the maximum transmission amplitude
of air.
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Figure 5-3: Clockwise from top left, the spectral transmission of the nine apertures and
air at 300 GHz, at the 702 GHz selection frequency of aperture E, and the peak spectral
amplitude of the nine apertures at their respective selection frequencies and air.

Using the preliminary indications of the integrated power analysis, the
spectral transmission of the apertures is examined to provide a better
understanding of the behavior of the selection frequency regions, shown in
Figure 5-4. The selection frequency ν0 corresponds to the selection
wavelength λ0 and is the frequency at which the maximum transmission is
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measured. Several of the aperture selection frequencies are found in the
vicinity of the water vapor absorption feature around 753 GHz, causing the
selection frequency region to be split in two for those apertures. Also
noticeable in the figure is a lack of frequency ringing observed with the
VAMWCNT samples. The spectral ringing is thought to be related to the
time delayed transmission through a sample, however the aperture
transmission is staggered based on the TOF model and no spectral ringing is
observed. This observation is discussed further in the conclusions.

Figure 5-4: The spectral transmission amplitudes of the nine apertures demonstrate a
preferred frequency of radiation for extraordinary optical transmission.

5.1.1.

TIME OF FLIGHT
The TOF is a predictive model from which the time and amplitude of

EOT events can be calculated. The theoretical model is essentially a damped
harmonic oscillator described by French [79] and is defined by the angular
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frequency of EOT events ω, damping factor of oscillations γ, phase shift of
the oscillations with time ϕ(t), initial oscillation amplitude A0, and amplitude
offset ADC.

Equation 5-1

In the above equation, the exponential term is the envelope for the
sinusoidal term. The time t = tm, and therefore distance between events, has
already been described in this thesis using Equation 4-2. Assuming no
amplitude bias or temporal chirping then Abias = 0 and ϕ(t) = ϕ0. Lastly,
normalizing the maximum amplitude allows us to set the initial oscillation
amplitude to unity, A0 = 1. Therefore, the amplitude of oscillations can be
substituted with the amplitude at subsequent oscillation peaks m, A(t) = Am.

Equation 5-2

If the first peak of the oscillations is shifted to occur a zero, then t 0 = 0 and
in the equation for tm and ϕ0 = 0 thus Equation 5-2 reduces to the amplitude
at subsequent peaks m ≥ 0, where m is an integer.

Equation 5-3

Since cos(2πm) will always equal unity, what is left is the exponential
decay function.
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Equation 5-4

The parameters referred to in Equations 5-1 through 5-3 are measured
from the TDS signals for the nine apertures and are listed in Tables 5-2 and
5-3. The time period between peaks for a particular time domain oscillation
is not constant and varies unpredictably, with the percent of intervals within
one-sigma in the right column of Figure 5-2. Therefore the average
periodicity Δtavg is calculated, with the minimum interval Δtmin, maximum
interval Δtmax, standard deviation of intervals for a time domain oscillation
σΔt reported in Table 5-2. The damping factor γ is estimated from multipoint exponential interpolation using the method of least squares on the first
5 picoseconds of the TDS waveforms, with Chi-Squared quality of fit R2.
The values in the tables are valid for the TDS waveforms at normal
incidence and detection.
Table 5-2: The time between EOT events and associated statistics for each aperture.

Aperture
A
F
G
H
I
C
B
E

Δtmin (fs)
590
601
580
651
723
733
641
672

Δtmax (fs)
631
662
682
754
794
784
703
764

Δtavg (fs)
610
631
627
684
755
757
665
702
82

σΔt (fs)
14.8
26.3
35.1
40.5
31.7
21.1
22.9
43.2

% 1σ
66.7
57.1
57.1
80.0
60.0
60.0
50.0
75.0

Table 5-3: The parameters used to characterize TOF model for EOT of THz radiation
from the apertures.

#
A
F
G
H
I
C
B
E

Δt (fs) ΔƖ (µm) ν0 (GHz)
590
177
788
601
180
762
580
174
762
651
195
715
723
217
651
733
220
642
641
192
715
672
202
702

λ0 (µm)
380
394
394
419
460
467
419
427

γ (fs-1)
2.07
2.43
2.315
3.49
2.21
1.66
2.76
2.17

R2 Power
97.7 1.79
96.5 2.26
98.5 2.49
97.5 2.76
97.5 3.17
97.6 2.35
98.0 2.00
99.5 2.41

Examination of the first row of apertures in Figure 5-5, which has 20
rows and columns of perforations per aperture, highlights the uniform
regular periodicity of the perforations and the separations in the temporal
waveforms. From the periodicity of the oscillations, the percent difference in
perforation major axis leading edge to leading edge distance to that of the
TOF calculated distance is 1%, 7%, and 19% for apertures A, B, and C
respectively. From the top left diagram for the temporal waveform of
aperture A in comparison with the waveforms for B and C indicate that A
has the most oscillations. The diagram for the temporal waveform of
aperture C shows the greatest time domain amplitudes over apertures A and
B. The transmittance profiles for the three apertures show a shifting
selection frequency with each aperture. Specifically, as the perforation major
axis length increases from A to C, so the selection frequency shifts to longer
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wavelengths. It is observed that the spectral reflectance of aperture A at the
selection frequency is less than of B and C, which are approximately equal
at their respective selection frequencies. The reflectance profile of aperture
A climbs the slowest from 100 GHz to its peak. The slope of the reflectance
profile for aperture C is the greatest of the three apertures and reaches 30%
at the 558 GHz water absorption feature, whereas aperture B is at 19%, and
aperture A is at 11%.
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Figure 5-5: The thin film apertures A, B, and C each have 400 perforations. The
perforation major axis length of aperture A is less than B and C, with aperture C
perforations having the longest major axis length

Examination of the second row of apertures in Figure 5-6, which has
18 rows and columns of perforations per aperture, shows the uniform
periodicity of the perforations and separations in the temporal waveforms.
From the periodicity of the oscillations, the percent difference in perforation
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major axis leading edge to leading edge distance to that of the TOF
calculated distance is 10% and 2% for apertures E and F respectively.
Ongoing analysis of the aperture D data to adequately represent the results
excludes it from the analysis. The temporal waveforms of both aperture E
and F show strong periodicity and similar temporal transmission amplitudes.
The diagram for the temporal waveform of aperture C shows the greatest
time domain amplitudes over apertures A and B. The transmittance profiles
for the two apertures show a shifting selection frequency with each aperture.
Specifically, as the perforation major axis length decreases from E to F, so
the selection frequency shifts to shorter wavelengths. It is observed that the
spectral reflectance of aperture C at the selection frequency is a few percent
greater than F. The reflectance profile of aperture F climbs the slowest from
100 GHz to its peak. The slope of the reflectance profile for aperture E is the
greater of the two apertures and reaches 23% at the 525 GHz water
absorption feature, whereas aperture F is at 19%.
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Figure 5-6: The thin film apertures D, E, and F each have 324 perforations. The
perforation major axis length of aperture E is greater than those of aperture F.

Examination of the second row of apertures in Figure 5-7, which has
16 rows and columns of perforations per aperture, typifies the regular
periodicity of the EOT TOF temporal waveforms. From the periodicity of
the oscillations, the percent difference in perforation major axis leading edge
to leading edge distance to that of the TOF calculated distance is 16%, 1%,
and 19% for apertures G, H, and I respectively. The temporal waveform of
aperture G has the most number of discernible oscillations, followed by I,
with aperture H having the fewest discernible oscillations. The temporal
waveform of aperture I has greater initial transmission amplitudes than H,
and H has greater amplitudes than G. The transmittance profiles for the three
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apertures show the characteristic selection frequency shift with each
aperture. Specifically, as the perforation major axis length increases from G
to I, so the selection frequency shifts to longer wavelengths. It is observed
that the spectral reflectance of aperture G at the selection frequency is less
than both aperture H and I, with the latter two having comparable reflectance
at their selection frequency. The reflectance profile of aperture G climbs the
slowest from 100 GHz to its peak. The slope of the reflectance profile for
aperture I is the greater of the three apertures and reaches 40% at the 525
GHz water absorption feature, whereas aperture H and G are at 25% and
19% respectively.
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Figure 5-7: The thin film apertures G, H, and I each have 256 perforations. The
perforation major axis length of aperture G is less than H and I, with aperture I
perforations having the longest major axis length

There are two results that stand out from the analysis that are
described in more detail. The first result has been observed in each of the
rows of apertures when analyzing the selection frequency, while the second
result is observed in the integrated power analysis that began the chapter.
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The first result is stated as the existence of a linear relationship between the
selection frequency and the length of the major axis of a perforation, as
shown in Figure 5-8. The selection frequency is the radiation frequency at
which the transmittance of an aperture is greatest. This result is simple, but
profound. It draws a connection between perforation dimensions and the
selection frequency. In theory, to decrease the selection frequency an
aperture with longer perforation major axis lengths should be constructed.
This result is valid for perforations with major axis parallel to the incident
electric field.

Figure 5-8: The selection wavelength is proportional to the major axis length of aperture
perforations.

The second result concerns an observation made linking the integrated
transmission power at normal incidence to the perforation surface area. For
this observation to be made, several preliminary observations are made
90

pertaining to the perforation dimensions of each row of apertures. It is
noticed that the manufacturer of the thin film copper apertures designed the
template so that each row of apertures has a nearly constant perforation
surface area, with each subsequent row having larger perforations than the
previous row. Only looking at the perforation major or minor axis lengths
does not show a pattern because the lengths appear to be randomized, with
the perforations of an aperture in the middle row having lengths greater than
some apertures in neighboring rows. Calculating the surface area of an
individual aperture perforation in each row shows a pattern. While the
aperture perforation major axis length is not constant for each aperture in a
row, the minor axis length associated with an aperture perforation always
changes inversely to changes in major axis length. If the major axis increases
from one aperture of a row to the next aperture of the same row, then the
minor axis length decreases by a proportional amount. In this way, the
surface area of aperture perforations remains essentially constant for all
apertures of that row.
With this fact in mind, an attempt to correlate the perforation area to
the integrated power transmitted through an aperture is made. It is indeed
observed that as the perforation area increases the transmitted power
increases proportionally, as shown in Figure 5-9. Several subsequent
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observations are made stemming from the one just stated. First, the increase
in integrated transmission power is not proportional to the total area of all
the perforations of an aperture. If the perforation area is multiplied by the
number of perforations in the aperture of a row to obtain the total exposed
aperture area, the first row has the highest average exposed area at 2512
µm2, followed by the third row at 2465 µm2, and lastly by the middle row at
2440 µm2. The integrated transmitted power is not proportional to the total
perforated area of an aperture, but is strictly related to the individual surface
area of the perforations of an aperture, for normally incident radiation.

Figure 5-9: The integrated transmission power of a thin film copper aperture is directly
proportional to the individual surface area of the constituent perforations.
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5.2.

REFLECTION AND POLARIZATION DEPENDENCE
There is a polarization dependent component to the EOT phenomenon

as it relates to the orientation of the perforation major axis with the electric
field of the incident radiation. When the major axis is aligned parallel to the
electric field of the incident radiation, the EOT events are optimized,
whereas when the two are perpendicular the EOT effect is minimized. All of
the transmission analysis is performed using measurements where the major
axis and electric field are parallel. When the two are perpendicular, no
detectable radiation is measured using the external apparatus. If the
perpendicular orientation is examined in the internal system, a small amount
of EOT energy is detectable but no apparatus exists to securely mount the
thin film within the internal system to record a measurement. In addition,
while the researchers performed a quality alignment of the major axis to the
electric field, there is an assumed 5˚ error in the alignment of the two vectors
based on experience, and the alignment of the major axis with the electric
field is not constant between the transmission and reflection measurements.
Unlike the transmission configuration, the reflection off the apertures
at 90˚ polarization is detectable. When the perforation major axis is
perpendicular to the electric field, the apertures behave the same as that of
non-perforated thin film copper in reflection. In contrast, when the major
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axis and electric field are parallel there is a preferential rejection of radiation
frequencies that do not get reflected but rather are assumed to transmit
through the samples via the EOT mechanism. For example, at 90˚ of
separation between the transmitter and receiver with the transmitter at 45˚
and the receiver at -45˚, apertures E and I optimally reject the 635 and 675
GHz frequencies, respectively. While the reflection time domain signals for
these two apertures do not exhibit the TOF waveforms of the transmission
configuration, Figure 5-10 demonstrates the frequency rejection as troughs
in the reflectance profiles.

Figure 5-10: The reflection of orthogonal polarization states with the electric field
parallel to the sample surface, for a particular aperture, shows markedly different
phenomenon.
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In terms of energy conservation, it is interesting to note that the
optimal transmission selection frequency at normal incidence of aperture E
is 702 GHz and aperture I is 651 GHz, which differ from their minimum
reflection frequencies. The frequency at which radiation is most transmitted
should also be the frequency at which less radiation is reflected. It is
hypothesized that if the reflection measurement of normal incidence and
normal detection is performed, that the rejection frequencies will shift to
match up with the selection frequencies of transmission. As verification of
the hypothesis, the rejection frequency of aperture E is observed to increase
with decreasing incidence angles and redshifts in a manner such that it
approaches the selection frequency of 702 GHz, as shown in Figure 5-11.
Conversely, as the incidence angle increasingly deviates from normal
incidence, there is a blue shift in the rejection frequency. An explanation is a
physical change in the interaction of electromagnetic field with the aperture
perforations at non-normal incidence causing the frequency shift.
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Figure 5-11: There is an observed redshift in rejection frequency as the incidence angle
approaches normal incidence. This is true for all nine apertures.

Another salient feature in Figure 5-11 is that the reflectance at the
rejection frequency decreases as the emitter and detector get closer to normal
incidence and detection. The figure suggests that as the emitter gets closer to
incidence parallel with the surface of the thin film copper, that EOT events
cease to occur and the thin film behaves as a highly reflective blank copper
at all frequencies. In the other direction, this indicates that the EOT effect is
strongest at normal incidence. Several explanations that expand on the
incidence angle dependence of electromagnetic field interaction with the thin
film surface are provided. First, at all incidence angles the electric field
vector is approximately parallel to the surface of the thin film, however the
polarization of the magnetic field component becomes increasingly closer to
perpendicular with the surface as the incidence angle increases. It is possible
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the magnetic field interaction causes localized currents in the thin film
copper that inhibit SP creation. As a final explanation, when the incidence
angle of the emitter increases, the effective surface area of the perforations
decreases as seen from the perspective of the incident radiation. As shown in
this thesis, the integrated transmission power is proportional to the
individual perforation surface area, and in the case of non-normal incidence,
the smaller the effective perforation surface area the transmittance decreases
thereby increasing the reflectance.
Lastly, all the literature relating to EOT documented in this thesis
requires the perforated samples to be thin. As the incidence angle increases,
the thickness of the sample increases as seen by the radiation propagation
wave vector. For example, at an incidence angle of 45˚ the 35 µm thin
copper appears to be 70 µm thick relative to the propagation vector. At
larger incidence angle the material thickness encountered by the propagation
vector increases. As the effective thickness of the material increases the
EOT events are less likely to occur because the sample is becoming less and
less of a thin film.
Another phenomenon is observed as the incidence angle is held
constant and the detector is swept across the detection angles. Specifically,
the rejection frequency is observed to redshift as the detection angle
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approaches the incidence angle, and conversely blueshifts as the detection
angle increases its angular separation from the incidence angle, shown in
Figure 5-12. The pattern observed in the figure at -45˚ incidence also holds
true for all other incidence angles that are measured. The mechanism
causing a shift in the rejection frequency at different detection frequencies is
unclear, but it is hypothesized that the effect is directly related to the
mechanism causing the shift observed in Figure 5-11.

Figure 5-12: The rejection frequency redshifts as the detection angle approaches the
incident angle, and blueshifts as the detection angle separates from the incident angle.

In Figure 5-11, the rejection frequency shifts when the incidence and
detection angle rotate in opposite directions by equal amounts. In Figure 512 the rejection frequency shifts when the incidence angle is held constant
and the detector is rotated. Summarily, changes independent changes to the
incident and detection angles cause a shift in the rejection frequency. The
final observation shown in Figure 5-13 shows that if the angular separation
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Δθ between the emitter and detector is held constant, any change in the
incidence angle will not shift the rejection frequency.

Figure 5-13: The rejection frequency of all apertures remains constant if the angular
separation Δθ between the emitter and detector is held constant.

Because the angular separation is held constant, a rotation of
incidence requires a rotation of detection in the same direction and by the
same amount. At an angular separation of 66˚, the overall reflectance at 30˚
incidence is greater than that at 45˚. As the separation increases, the
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reflectance of the 45˚ incidence is greater because the detector transitions
from the specular region of the 30˚ incidence to that at 45˚ incidence.
The regions in the vicinity of the rejection and selection frequencies
resemble spectral bandpasses of split ring resonators (SRR) when the
incident electric field is parallel to the SRR gap [80] at normal incidence. It
has been shown that SRRs produce a magnetic field that can oppose or
enhance the THz magnetic field when the magnetic field is parallel to the
SRR gap. The magnetic field from the SRR is caused by circulating induced
currents created from the time varying magnetic field of the incident
radiation. The induced magnetic field of the SRR is out of phase with the
magnetic response of the material above the material resonant frequency and
can create negative magnetic responses [81]. It is hypothesized based on
qualitative similarities that an analogous SRR effect might be occurring in
the perforated apertures examined in this thesis. This correlation has the
implication that the thin film copper apertures are behaving as a
metamaterial at THz frequencies.
The spatial dimensions of the SRR assemblies and the THz radiation
compare well with the thin film perforations. The dimensions of the SRR are
sub-wavelength, which enables an effective medium approach to modeling
their physical parameters [82]. Similarly, the features of the thin film copper
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apertures examined in this thesis are sub-wavelength. For example, the
perforation and perforation separation major and minor axis lengths are all
significantly smaller than the selection and rejection center wavelength.
Using these types of effective media it has been shown [82] that
nonmagnetic conducting units, such as sub-wavelength periodic copper
structures, can have electromagnetic responses dominated by an effective
magnetic permeability.
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6.

CONCLUSIONS
In this thesis, enhanced scattering and spectral ringing from

VAMWCNT samples is investigated. Tests for dependence of the
VAMWCNT scattering on THz radiation polarization are performed. In
addition, enhanced transmission from the thin film apertures is shown not to
exist. It is shown that there is proportionality between selection frequency
and aperture major axis length. Proportionality is also shown to exist
between the integrated spectral power and the surface area of perforations
and a lack of correlation of the spectral power to the total exposed area of an
aperture. Observations are also made regarding the forward scattering
response of the thin film apertures to non-normal incident radiation and
correlation to metamaterial effects.
The Si-SiO2 VAMWCNT samples are shown to significantly different
with respect to reflection mode analysis. In the transmission configuration,
the VAMWCNT are shown to have a high degree of correlation in both their
spectral and temporal components. In the reflection configuration however,
the temporal and spectral amplitudes differ. It is shown that the reflectance
of the Si-SiO2 VAMWCNT samples can have more than a 25% difference at
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certain frequencies below 1 THz. While the spectral and temporal
amplitudes of their profiles differ in the reflection configuration, the shape
of the temporal peak and ringing oscillations between Si-SiO2(1) and SiSiO2(2) largely agree. Lastly it is observed that certain non-normal
incidence-detection pairs produce noticeable improvements in the reflection
similarities of Si-SiO2(1) and Si-SiO2(2).
The lack of spectral ringing in the transmission measurements of the
thin film apertures in contrast to the VAMWCNTs is observed. All three
VAMWCNTs exhibit a spectral ringing effect that is thought to be correlated
to multiple internal reflections before transmission through the sample.
While THz radiation does undergo multiple internal reflections in the thin
film apertures, the TOF between EOT events does cause a similar delay in
transmission pulses. In both cases there is an assumed time delay of
transmitted pulses, however only in the VAMWCNTs is a ringing effect
observed. This indicates the ringing is likely caused by physical interactions
of the THz radiation with the material rather than multiple internal
reflections.
There is no polarization dependence observed in the reflection and
transmission of the THz radiation with the VAMWCNT samples. It is
hypothesized that if polarization dependence is a characteristic of
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VAMWCNTs, that it is not observed because of the relatively high amount
of disorder in the tube growth in the samples studied. Strong polarization
dependence is observed in the thin film copper apertures. The apertures are
nearly 100% opaque to THz radiation when the incident electric field is
perpendicular to the major axis of the aperture perforations and largely
transparent when the two are parallel. Furthermore, the transparency of the
thin film apertures is variable depending on the dimensions of the
perforations compared to the wavelength of incident radiation. It is
hypothesized that if the alignment of the major axis of the perforations were
randomized, that the polarization effect would not be observed.
Analogously, the disorder of the VAMWCNT samples is thought to be a
reason why polarization dependence, if any exists, is not observed.
Several explanations for the lack of enhanced scattering in the
VAMWCNTs exist. The first is the prevalence of non-uniform vertical
growth of the VAMWCNTs. While the MWCNT samples generally grow
perpendicular to the substrate surface, the individual tubes are observed
through SEM imagery to entangle one another and grow in a semi-consistent
manner. The height of the MWCNT carpets is also not uniform as observed
in the SEM imagery with multiple groups of CNTs growing as much as 20%
higher than the surrounding carpet height. Other reasons for why enhanced
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scattering is not observed relate to the carpet height, carpet density, and
substrate growth plate. The strongest enhanced scattering is seen with the
Cambridge CNT sample which has highly uniform vertical tube growth and
carpet thickness of 500 µm, which is on the order of magnitude of the
wavelength of THz radiation. The tube-to-tube separation distance of the
Cambridge sample is much greater than that of the Nanolab samples, but a
comparison to the AFRL tube density is difficult. Lastly, the Cambridge
sample is grown on alumina, and while both the AFRL and Nanolab samples
are grown on quartz, there is no indication that the quartz is chemically
identical between the two manufacturers. For example, it is unclear whether
the quartz in the two sample types is α-quartz, β-quartz, naturally carved, or
synthetically molded.
The SiO2 substrate is observed to be highly reflective to THz
radiation. After growing MWCNTs on the surface however, the composite
material becomes semi-transparent to the radiation. Two hypotheses exist to
explain this change in transparency. The first explanation is that the growth
chamber environment causes a structural change in the bulk silica material
catalyzed by the increased temperature or presence of gases, or a
combination of such factors. The second is that the bulk silica is essentially
transparent to THz radiation, and that the 150 nm thick surface layer is the
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source of the opacity. The process of growing tubes on this 150 nm Si-SiO2
surface effectively changes the reflectivity of the composite material. An
interesting test to the latter hypothesis which has yet to be performed is to
delicately remove the MWCNTs from the Si-SiO2 surface and observe
whether or not the stripped surface regains its former high reflectivity and
low transparency.
The observation of a selection frequency in the transmission
configuration using the thin film apertures is a frequency of optimized
transmission. Conversely, in the reflection configuration there is a rejection
frequency which minimizes the reflection of radiation of that frequency. The
selection and rejection frequencies are hypothesized to be the same
phenomenon, but that the frequency is shifted between the reflection and
transmission observations. In the transmission observations, the geometry of
parallel transmitter and receiver is examined, whereas in the reflection
observations 90˚ separate the transmitter and receiver. This geometrical
difference is thought to affect the physical interaction of radiation with the
material surface in way that shifts the frequency depending on the incidentdetection angle pair. Examining the reflection and transmission at different
incident-detection angle pairs is expected to yield new insight into the
frequency shifting and ultimately verify that the rejection and selection
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frequencies are the same phenomenon. The verification that the rejection and
selection frequency are the same phenomenon is an important step to testing
energy conservation in the thin film apertures. If the two frequencies are
indeed shown to be equivalent, then the percent reflectance of an aperture at
the selection frequency plus the percent transmittance the same frequency
should yield a total of unity, provided no absorption occurs in the material.
The last observations made in this thesis examined the nature of the
incidence and detection angle dependency of the rejection frequency in back
scattering. It is shown that holding the emitter fixed and rotating the detector
about the focal point causes a shift in the rejection frequency. Holding the
detector fixed and rotating the emitter also produces corresponding shifts in
the rejection frequency. However, if the angular separation between the
emitter and detector is held constant and the two assemblies are rotated in
unison, then no shift in the rejection frequency is observed.
Potential applications that exploit the phenomena observed in this
thesis are numerous and only several are briefly described. The first
application is the use of VAMWCNT carpets as nano-antennas, however the
results in this thesis do not corroborate previous observations. Additionally,
any application that requires a more diffuse rather than a specular spectral
response will benefit from the enhanced scattering of VAMWCNT carpets.
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There are many applications of the thin film apertures. The polarization
dependence of the THz transmission to perforation alignment make the
apertures useful mechanisms for isolating polarization states of noncoherently polarized THz radiation, essentially acting as a polarization filter.
The ability of the apertures to behave as either a bulk metal or a semitransmissive membrane based on perforation alignment with the incident
electric field could facilitate the use of the apertures as a deceit and
deception mechanism. The aperture rejection and selection frequency
regions can be used to create a THz spectrometer by transmitting specific
frequencies in the bandpass region and blocking all other frequencies.
Numerous apertures with different perforations can be staged behind one
another to narrow the bandpass region and create increasingly fine spectral
isolation. Lastly, the possibility that the apertures are behaving as SRR
assemblies can facilitate a new suite of metamaterial devices with
applications based on the dimensions of the perforations.
6.1.

FUTURE WORK
All of the projects in this thesis warrant continuing research in the

future. In addition, new projects can be created based on the results of this
thesis. Of fundamental importance is the need to create a manual of standard
operating procedures (SOP) for how to reproducibly collect accurate
108

measurements in reflection and transmission configurations. A SOP will
reduce the variability between researchers and changes in hardware
equipment and configuration setup. The SOP will also increase the
efficiency of data gathering by outlining the measurements to be performed
in certain conditions and defining a data format to store measurements for
automated processing. Formally defining a fixed data storage format
removes time consuming guess work on the part of the researcher and
ultimately will reduce data assignment errors. The final improvement
brought by an SOP is the implementation of a well-constructed and routine
sample mounting and dismounting procedure that minimizes the potential
for damage to the samples from human interaction, such as standard
mounting plates for specific configurations, quick release mechanisms, and
cradles for sample transport from the mount to storage and vice-versa.
Future researchers could work with Dr. Murayama’s research group at
AFRL to fabricate samples more closely matching the samples from
Nanolab and Cambridge University. The common thread between the AFRL
samples and the Nanolab samples are the comparable tube lengths and
quartz substrate growth plate. It is anticipated that significantly more
development will be required to independently duplicate the Cambridge
sample. The Cambridge sample is grown on alumina and has tube lengths
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more than 100 times longer than the AFRL samples. Research will need to
be performed to determine the upper limit on tube height growth, and
whether or not the AFRL CVD method facilitates growth of tubes on nonsilicon structured materials. It has already been shown that the AFRL CVD
method does not facilitate tube growth on copper. In addition, while
excellent quality exists with respect to the presence of MWCNTs in the
AFRL samples, greater control of the tube density and vertical tube
alignment is needed. Non-uniform vertical growth is hypothesized to
eliminate the ability to detect any polarization dependence in the
VAMWCNT samples and CNT carpet density is thought to be a factor in the
observation of enhanced scattering effects.
Additional research into the thin film apertures behaving as SRR
metamaterials should be researched further. In this thesis a cursory
explanation for possible causes of the phenomenon is provided, however a
more detailed literature search is warranted. Still, it is strongly hypothesized
by the author that the unique frequency dependent scattering of the thin film
apertures is caused by magnetic field interactions with the apertures and
manifest as a non-traditional permeability response of the conductor.
Lastly, because of the large amount of data that has been gathered
over the past twelve months, additional analysis on existing data is likely to
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result in new patterns and explanations. While the amount of VAMWCNT
data greatly outnumbers the amount of thin copper film data, the thin film
data is especially promising because of the high control standards that went
into the sample fabrication. Specifically, the high precision metrology of the
repeating pattern of perforations coupled with the thoughtfulness of the
aperture designs creates confidence that new patterns can be detected
because of a lack of chaos in the physical system.
In conclusion, THz radiation has been used to probe structured
nanomaterials. Several previous observations of VAMWCNTs were not
verified, namely the enhanced scattering effect at normal incidence. In
addition a new observation about the change in transparency of Si-SiO2
before and after MWCNT growth is observed. The spectral ringing effect
was observed in the MWCNT and substrate measurements, but was not
observed in the thin film apertures. Promising results relating to the
correlation between aperture perforation dimensions and EOT events have
been shown. In addition, a radiation selection frequency is observed and at
this frequency EOT events are optimized causing increases transmission,
while in the reflection configuration there is a decrease in reflection at the
selection frequency.
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APPENDIX
A.

CODE
Numerous computer programming libraries are developed to assist

with data processing and analysis. The IDL (Interactive Data Language) and
MatLab coding languages are used to develop the processing codes. The
outputs from several of the tools are found in the main body of the thesis and
are essential in analyzing the data. The general description of the contents of
the libraries is provided in this thesis and the source code is provided in a
separate compression file.
A.1. MATLAB CODE
The MatLab code base is used to generate Short Time Fourier
Transform (STFT) analysis of the THz-TDS. The code does not leverage the
built-in spectrogram function in MatLab but rather is developed from the
first principles of Fourier transform theory to implement a sequence of fast
Fourier transforms (FFT). An automated system leveraging two user input
scalar values allows adjustment of the temporal and spectral resolution.
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The user can provide input to the custom function through the MatLab
command line. Visual results comparing the custom built STFT as compared
with the built-in MatLab spectrogram function is shown in figure A-1. The
spectral features in the two spectrograms agree however there are
differences in the shape of the histograms.

Figure A-1: Comparison of spectrograms using custom code (left) and built-in MatLab
functionality (right). The input parameters are duplicated for each spectrogram using a
50% overlap unity boxcar hamming window.

For a particular test TDS signal, several statistical values are acquired
to compare quantitatively the differences between the built-in spectrogram
results and the custom code. The maximum and average value of the Matlab
spectrogram is 22% and 17% higher, respectively, than the corresponding
values in the custom spectrogram. The minimum value in the MatLab
spectrogram is 28 times lower than the 1.3x10-4 minimum value in the
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custom spectrogram and the standard deviation in Matlab versus custom
spectrogram is 10% higher.
A.2.

IDL CODE
The IDL coding language is used to develop fundamental data

querying, ingestion, and processing algorithms from a triage of data
recorded over the course of six months. Descriptions of the codes developed
in IDL are described based on their respective functionalities, called
projects. Nearly all of the computer programming libraries generated for this
thesis are IDL projects. User input to the IDL projects are provided through
the use of format controlled text files accompanying each project. The input
text file enables batch mode processing and if the text file does not exist in
the project folder, the user is prompted with an interface to define input
parameters for individual processing runs.
A.2.1.

DATA MINING AND INGESTION
Because of the large volume of data, approximately 6 Gigabytes of

double precision data points, an IDL project is created to ingest data in an
automated fashion for eventual processing. To enable this functionality, the
data recorded by the Teraview system are given a specific naming
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convention and stored in an ordered architecture of folders so that the code
can recognize the contents of the data folders.
For the IDL data ingestion codes to function properly, the TDS
Comma Separated Value (CSV) files exported by the Teraview system
should have the following naming convention: file_name_###i_###r_#d
###. In this naming convention, the user names the file as something
descriptive of the contents of the TDS measurement and is set based on the
user preference. This file name prefix is called the handle.
The i-th entry must be present after the handle and provides the code
with information on the angle of incidence of the TDS measurement. The r
entry must also exist in the file name, following the incidence designation,
and provides the code with information on the initial angle of detection. The
d entry, which follows the detection angle entry, provides the code with the
angular step size of subsequent TDS measurements for a constant incidence
angle. The last numerical value in the file name indicates the number of the
TDS measurement and is automatically generated by the Teraview software
upon export of the TDS data. An example of the file naming convention
during the export process in Teraview is shown in Figure A-2.
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Figure A-2: The naming convention in the Teraview export process used to identify
measurement configurations from the file name.

A.2.2.

PEAK SIGNAL TRACKER
During preliminary analysis of the data it became apparent that the

ability to automatically track the initial surface reflection and transmitted
TDS peak is essential. The need for this tracking arises because the sweep of
the detector in both the reflection and transmission configurations, and
remounting of samples, can cause a shift in the time delay on a signal peak.
The output of the tracking algorithm is a CSV file that contains the
time location of the peak signal in picoseconds, along with the TDS
amplitude at the location. The signal peak is identified by one of two
methods: signal extrema detection and maximum signal slope detection. The
signal extrema detection is a minimum and maximum signal amplitude
algorithm. The signal slope algorithm computes the ordinate over abscissa
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derivative of the signal and detects the location of the maximum of the
derivative. The slope will be the greatest when the signal goes from two
extrema in the shortest amount of time and is often an indication of the first
surface reflection in a scattering measurement.
The tracking algorithm does suffer performance limitations to track
peak signal locations at narrow angles of separation. This limitation is
caused by the peak of the signal dropping to the same order of magnitude as
the noise background. To safeguard against using inaccurate peak signal
positions at these narrow angles, an assessment of the peak intensity in the
CSV is required to ensure the signal is prominent against the noise baseline
as shown in Figure A-3.

Figure A-3: Graphical representation of the contents of a track file for reflection
reflection off of bulk copper. The incidence angle is held at 45˚ and the detector is swept
96˚.

117

Once the tracking algorithm has tracked the peak signal intensity
across a sweep of the detector for a fixed incidence angle, an n-order
polynomial is used to smooth the track points and provide the best guess
measurement of the peak intensity location for a range of incidence and
detection angles. For each TDS measurement, or incidence-detection pair,
there is only a single scalar time offset value.
A.2.3.

TEMPORAL SIGNAL ALIGNMENT
During the sweep of the detector in both the reflection and

transmission configurations, the peak amplitude of the TDS signal translates
in time. This problem is remedied by tracking the peak amplitude in a TDS
signal. The signal alignment algorithm loads in the track file CSV and
corresponding data sets and applies the scalar time offset uniformly to the
desired TDS signals.
The peak of the signal translates in time because the path length from
the emitter to the receiver is not constant during a detector sweep. For a
single mounted sample this can be caused by the material characteristics or
by a slight misalignment of the measurement apparatus. Between mounting
different samples, it is also likely that the front surface of the sample is not
in the exact location as the sample before it and therefore causing in
comparison a slight offset in the time delay of the returning signal.
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It is not always necessary to temporally shift the signals in the time
domain. If two TDS signals are going to be transformed into frequency
space and manipulated, such as calculating a reflectivity profile, then the
signals don’t need to be shifted. This is because the frequency information
derived from the time vector is not dependent on instantaneous time values,
but rather on the difference between times for particular TDS signals.
A.2.4.

FAST FOURIER TRANSFORM
After ingesting the TDS measurements into computer memory, an

IDL project computes the zero padded discrete Fourier transform (DFT)
from the TDS measurement. The DFT, equivalent to a FFT, F(u), of an Nelement, one-dimensional function, f(x), is defined as,

Equation A-1
The zero padding of the TDS measurement occurs at the end of the
signal to satisfy the powers-of-two requirement. The solver for the above
equation is implemented in IDL and is a prime factor algorithm that returns
the complex valued DFT. The results of this FFT solver have been validated
using numerous test cases with the MatLab FFT function and the results
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between the IDL and MatLab implementations agree to within double
precision floating point error.
The time vector associated with a TDS is converted to a vector of
frequencies. Element 0 contains the zero frequency component, F0. The
array element F1 contains the smallest, nonzero positive frequency, which is
equal to 1/(N•Δt), where N is the number of elements and Δt is the time
sampling interval. F2 corresponds to a frequency of 2/(N•Δt) and 1/(2•Δt) is
the Nyquist critical frequency. The sampling interval is the average time
interval across all successive elements because the interval is not constant
between elements of the time vector.
Since two frequency domain signals are often used to create a
combined result such as with a reflectivity calculation, two slightly different
frequency intervals must be combined to create a single frequency vector.
This is accomplished by simply averaging the two frequency intervals and
populating a new frequency vector based on the number of elements, or data
points, in the signal.
Once a TDS measurement has been transformed to the frequency
domain, numerous tools are created in IDL to facilitate frequency-based
analysis. Because the Teraview system has a configurable temporal
resolution, the frequency domain can contain high resolution broadband data
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of the measured signal valid for the frequency range of approximately 100
GHz to 3 THz.

Equation A-2

The spectral amplitude can be obtained from the Fourier transform of
the time domain signal. Taking the square root of the product of the real and
imaginary parts of the Fourier transform yields the frequency dependent
amplitude.

Equation A-3

A.2.5.

REFLECTANCE
The IDL reflectance project computes the frequency dependent

reflectivity of a desired reflection measurement. Based on user input, the
code ingests a material FFT signal and corresponding reference signal and
computes the ratio of the amplitudes. The amplitude is taken as the sum of
squares of the real and imaginary part of the FFT signal. The result is
interpreted as the fraction of the total energy that is reflected from the
material and onto the detector as a function of electromagnetic frequency.

121

Equation A-4

A.2.6.

TRANSMITTANCE
The IDL transmittance project computes the frequency dependent

transmittance of

a desired scattering measurement. Based on user input,

the code ingests a material FFT signal and corresponding reference signal
and computes the ratio of the amplitudes. The amplitude is taken as the sum
of squares of the real and imaginary part of the FFT signal. The result is
interpreted as the fraction of the total energy that is transmitted through the
material and onto the detector as a function of electromagnetic frequency.

Equation A-5

A.2.7.

SIGNAL DECONVOLUTION
The deconvolution process implemented in this project uses two

frequency domain reflectivity signals. The two signals are from two different
samples but with a certain degree of commonality. For example, one signal
is from a sample of VAMWCNTs on quartz, and the second signal is from
blank quartz substrate. Because some of the THz energy penetrates through
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the dual-layer VAMWCNT and into the quartz there is signal contamination
from the quartz in the VAMWCNT measurement.
To remove the effects of the quartz in the VAMWCNT measurement,
the reflectivity of the dual-layer VAMWCNT is divided by the reflectivity
from the quartz only measurement. If the emitted THz laser beam is stable
between the two measurements such that they have the same reference
signal, then there is no need to scale the sample frequency domain signals by
the reference signals.

Equation A-6

Equation A-7
In the above equation, AD(ν) and AD(t) are the deconvolved frequency
and time domain signals, respectively. For clarity, AS1 and AS2 are the
sample signals and AR1 and AR2 are the reference signals, all of which are in
the frequency domain. The above equation for obtaining a deconvolved
signal from a dual layer contaminated signal can be extended to include as
many layers as are in the composite. The secondary reflection scaling factor
α is,
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Equation A-8
The α term defined in Equation A-4 is calculated from the peak
amplitudes of the secondary surface reflection in the mixed signal and the
primary reflection in the substrate only signal. Because not all of the emitted
energy reaches the second surface in the layered material, all the amplitudes
above the noise floor of the substrate-only signal must be scaled by α. The α
term is a scalar defined in the time domain which is a constant in the Fourier
transform such that it gets applied uniformly to all spectral amplitudes in the
frequency domain. The minimum reflection amplitudes a1 and b1, and
maximum a2 and b2, are shown in the time domain plots for the layered and
substrate-only signal in Figure A-4.
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Figure A-4: The maximum and minimum values of from the secondary reflection of the
dual-layer sample (left), and the corresponding values from the first surface reflection of
the blank substrate (right) used to compute α.

The result is an approximation to the unmixed frequency domain
signal for the sample of VAMWCNTs. To obtain a time domain equivalent
of the deconvolved VAMWCNT signal, the frequency domain signal is ran
through the FFT inverse. It is important to note that the deconvolution
algorithm is based on the assumption that the surface of the second layer in
the dual-layer sample has not undergone a physical change during
application of the top layer. Essentially, the reflectivity of the second layer
surface is assumed to be the same as that of the single layer blank substrate.
A.2.8.

INDEX OF REFRACTION
The index of refraction IDL project computes the frequency

dependent index of refraction at normal incidence and normal detection for
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electromagnetic transmission through a sample according to the following
equation,

Equation A-9
In the above equation, n is the real valued refractive index, c is the
speed of light, ω is the angular frequency of radiation, and d is the material
thickness. The refractive index in Equation a-9 assumes no absorption loss.
The unwrapped sample and reference phase, denoted φS and φR respectively,
are obtained from the real and imaginary parts of the TDS FFT,

Equation A-10
It is important to ensure that the FFT of the time domain pulses are
truncated to the next lowest power of 2, rather than zero padded to the next
highest power of 2 as the latter will introduce significant errors in the phase
information. The dependency of the index of refraction code on the use of a
phase unwrapping algorithm is described in the next section.
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A.2.9.

PHASE UNWRAPPING
During calculation of the index of refraction it is necessary to unwrap

the phase information of the signal. The phase of a signal is the inverse
tangent of the ratio of the imaginary to real parts of the TDS FFT. Because
the nature of the inverse tangent is to repeat every 180 degrees, unwrapping
it angularly into a continuously growing vector of angles is necessary, as
shown in Figures A-5 and A-6.

Figure A-5: The wrapped phase information contains the discontinuities of the inverse
tangent and the angle counting restarts at the discontinuity.
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Figure A-6: The unwrapped phase information does not contain the inverse tangent
discontinuities and is continuously increasing.

A built-in unwrap function does not exist in IDL so a custom function
modeled after the unwrap function in MatLab is created. The IDL unwrap
function is validated against the MatLab version and the results are identical
for the test cases. The unwrap IDL function is necessary because that is the
language that majority of the data processing occurs and it was outside the
scope of the thesis to perform external calls from IDL into MatLab.
A.2.10.

ABSORPTION COEFFICIENT

The absorption coefficient IDL project uses the absorption coefficient
equation at normal incidence and normal detection for electromagnetic
transmission through a medium to compute the frequency dependent
absorption coefficient of the desired material,
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Equation A-11
In the above equation α is the absorption, d is the material thickness,
FSreal is the real part of the sample FFT, and FRreal is the real part of the
reference FFT. The value T-1/2 is the square root of the mathematical inverse
of the transmission coefficient. The Fresnel reflection loss is dependent on
the index of refraction and is equal to the square root of the transmission
coefficient for an optically thin material. The transmission and reflection
coefficient are obtained for the case when the E-field is parallel to the plane
of incidence and under the condition that the permeability µ1 = µ2.

Equation A-12

Equation A-13

In the above equations, n1 is the index of refraction of the reflected
material, n2 is the index of refraction of the refracting material, and θi is the
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incident angle. For the purpose of the algorithm, θ i is set to zero and the
index of refraction of air is unity. In an optically thin material, there is only
one interface that interacts with the THz radiation. If the material is optically
thick, the effect transmission coefficient becomes a product of the front
surface interface T1,2 and the back surface interface T2,3. In a three layered
material there would be three such interfaces.

Equation A-14

A.2.11.

INTEGRATED POWER

The spectral power of THz radiation off and through a material is
calculated for each reflection and transmission configuration. The power is
the square of the spectral amplitudes shown previously in Equation A-9.
Because the power is the square of the spectral amplitude it is also referred
to as the spectral power, P(ν), implying frequency dependence shown in
Equation A-15.

Equation A-15

The Riemann sum of the spectral power over each discrete frequency
resolution, Δνi, is equivalent to the integrated power of the power spectrum,
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P. The integrated power is the sum of all the energy of a TDS signal, in the
frequency domain. This means that there is a single power value associated
with each scattering configuration. When the detector is swept to 15
different positions at normal incidence, there are 15 integrated power values.
This method is effective for detecting enhanced scattering effects at oblique
detection angles.

Equation A-16

Equation A-17

B.

REFLECTION CONFIGURATIONS
The purpose of this appendix section is to document the reflection

configurations used during the scattering measurements. The need to define
the configurations for the first and second data runs is because the scattering
gantry setup is not constant between the two runs. To maintain a consistent
angular referencing system, all angular definitions will follow the naming
convention in Figure B-1.
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Figure B-1: The reflection configuration is such that both the emitter and detector are in
the same hemisphere, on one side of the sample, with positive angles to the left and
negative angles to the right of normal incidence.

In the first data run, the samples are mounted onto a steel mounting
plate and the mounting plate is bolted to a solid steel rotation stage. In the
second data run, a hole is drilled in the mounting plate to eliminate signal
contamination by THz reflection off of the mounting surface. The plate is
shown in Figure B-2 with a sample spanning the cavity.

Figure B-2: The sample mounting region of the primary mounting plate has a hole drilled
out for the second data runs to remove signal contamination.

Additionally, the solid steel rotating stage from the first data run is
replaced with a non-rotating stage that has a large center cavity. All of these
components are shown in B-3. The non-rotating stage is slightly wider than
the rotating stage but the rotating stage is not available for the second data
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run. The extra width reduces the angular range that the detector, and
sometimes the emitter, can sweep during the second data run compared with
the first.

Figure B-3: The primary steel sample mounting plate is at the top of the image, with the
rotating and non-rotating stages at right and left, respectively.

B.1. FIRST DATA RUN
The first data run, corresponding to data collected between September
2011 and March 2012, consists of six samples measured in the reflection
configuration. Three of the samples are VAMWCNT nanomaterials, two
samples are blank substrates on which the VAMWCNT are used to grow,
and one sample is the copper reference. The angles of incidence and
detection in Table B-1 apply to all of the six samples used in the first data
run.
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Table B-1: The incidence and detection angles used for all of the samples measured
during the first data run.

Incidence
Angle
-75˚
-60˚
-45˚
-30˚
-15˚
0˚
15˚
30˚
45˚

Initial
Detection
Angle
-40˚
-24˚
-8˚
6˚
22˚
36˚
50˚
66˚
80˚

Final
Detection
Angle
88˚
88˚
88˚
90˚
90˚
88˚
90˚
90˚
88˚

Detection
Angle Step
Size
4˚
4˚
4˚
4˚
4˚
4˚
4˚
4˚
4˚

B.2. SECOND DATA RUN
The second data run, corresponding to data collected between April
and August 2012, consists of measurements of 15 unique samples, seven of
which require individual mounting. Three of the samples are VAMWCNT
nanomaterials, two samples are blank substrates on which the VAMWCNT
are used to grow, one sample is the copper reference, and nine samples are
the perforated copper apertures. The reason why the number of samples does
not equal the number of times a sample is mounted is because all nine of the
perforated copper apertures are contained on the same thin film copper. The
angle of incidence and detection in Table B-2 apply to all of the six samples
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used in the first data run, whereas Table B-3 applies strictly to the perforated
copper apertures.
Table B-2: The incidence and detection angles used for the non-thin film copper samples
measured during the second data run.

Incidence
-75˚
-60˚
-45˚
-30˚
-15˚
0˚
15˚
30˚

Initial Detection
-40˚
-24˚
-8˚
8˚
24˚
36˚
52˚
68˚

Final Detection
80˚
80˚
80˚
80˚
80˚
80˚
80˚
80˚

Step Size
4˚
4˚
4˚
4˚
4˚
4˚
4˚
4˚

Table B-3: The incidence and detection angles used for think film copper aperture
samples measured during the second data run.

Incidence
-60˚
-45˚
-30˚
-15˚
0˚
15˚

Initial Detection
-24˚
-8˚
8˚
24˚
36˚
52˚

Final Detection
60˚
60˚
60˚
60˚
60˚
60˚

Step Size
4˚
4˚
4˚
4˚
4˚
4˚

Due to the mounting requirements of the thin film copper, the range of
incidence and detection angles is reduced when compared to the non-thin
film copper samples of the second data run. The angular range is reduced
because of the raised mounting edge required to secure the sample, as shown
in Figure B-4.
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Figure B-4: A macroscopic image of the thin film copper sample mounted between two
plastic braces. Notice the side wall depth of the brace.

C.

TRANSMISSION CONFIGURATIONS
The purpose of this appendix section is to document the transmission

configurations used during the transmission measurements. There are 16
samples measured during the transmission data run. All 16 samples are
measured during the same data run however both the blank Si-SiO2 substrate
and bulk copper are not transmissive to THz and are not included in this
section. To maintain a consistent angular referencing system, all angular
definitions will follow the naming convention in Figure C-1,
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Figure C-1: The transmission configuration is such that both the emitter and detector are
in opposite hemispheres of the sample with positive angles below and negative angles
above normal incidence.

The diagram in Figure C-1 corresponds to the external transmission
system. The internal transmission system is static because the transmitter
and receiver are immobile whereas the external system is configurable. The
one drawback to the reconfigurable transmission configuration is that the
THz energy that is detected by the receiver at normal incidence and
detection is significantly less than that in the internal apparatus. The
difference in detectable power of the first transmission pulse through air
results in a drop of nearly 50% from the internal to external system, shown
in Figure C-2. This drop in transmitted energy is also observed in the
frequency domain of the energy spectrum shown in Figure C-3.
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Figure C-2: The direct transmission through air in the internal system is nearly twice that
of the external system, as measured by the primary pulse in the time domain.

Figure C-3: The spectral transmission, shown on a logarithmic scale, shows noticeable
reduction in detectable power of the external as compared with the internal system.

C.1. EXTERNAL SYSTEM
The transmission data run consists of 14 recorded samples. Three of
the samples are VAMWCNT nanomaterials, one sample is blank quartz
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substrate, nine samples are thin film perforated copper apertures, and one
sample is only air which is used as a reference. All of the material samples
are electrically grounded during external system transmission measurements.
The angles of incidence and detection in Table C-1 define the transmission
configurations used during the transmission measurements and are grouped
into four material types: thin film perforated copper apertures, VAMWCNT,
blank substrates, and air.
Table C-1: The incidence and detection angles used for all of the samples measured
during the transmission measurements.

Material

Incidence

VAMWCNT
Substrate
Thin Cu
Air

0˚
0˚
0˚
0˚

D.

Initial
Detection
-28˚
-28˚
-32˚
-32˚

Final
Detection
40˚
40˚
44˚
44˚

Step Size
4˚
4˚
4˚
4˚

FINITE ELEMENT MODELING
Attention has been given to determining if the enhanced reflection of

THz off of the VAMWCNTs is a phenomenon also observed in a finite
element methods (FEM) simulator. The FEM simulator used is COMSOL
[83], [84]. Using COMSOL several models are developed and successfully
ran to completion. Specifically, the successful models are a simple parallel
plate capacitor and a single carbon nanotube in a waveguide cavity. Both of
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these models developed a level of confidence with the software. The single
CNT result, along with a self-assembled COMSOL model of a VACNT
array, is shown in Figure D-1.

Figure D-1: At left is the graphical result of reflection off of a single CNT in a waveguide
cavity. To the right is a representation of the VACNT array.

The majority of the effort spent with COMSOL is to develop a FEM
physics simulation with hopes of either verifying or disproving the enhanced
reflection effect of the VACNT arrays. While the model is fully developed
as a COMSOL project, several difficulties with the model runtime hindered
the generation of results. Instead of providing results of the simulation, the
details of the model are explained in hopes of providing a starting point for
future investigations with this model.
The tubes are assembled in a seven row by seven column array. The
tubes are 10 µm in height with a tube diameter of 50 nm. The tube spacing,
140

or lattice constant, is 500 nm. The tube dimensions used in the model closely
match the specifications from previous CNT samples obtained from Nanolab
Inc. and the University of Cambridge. The tubes in the model are solid
objects and are attributed with the material properties such as carrier density,
effective mass, and conductivity of graphene and CNTs [85]-[87]. The
Drude model for material permittivity is used to calculate relevant values
necessary for a frequency dependent computation based on characterizations
of graphene. [88]
The CNT array is situated on a perfectly conducting substrate and the
four walls of the design domain are attributed as alternating perfect magnetic
and electric conductors. The top of the domain is the entry port for the
electromagnetic energy. Lastly, variable mesh resolutions to join the
differential equations are used. Because the scale of the model is large, a
proportionally large amount of computer memory and processor time is
required. The computer used for modeling is a water cooled machine with 4
2.7 GHz processors and 64 GB of RAM.
In attempts to get the model to run, coarser meshes are used. If the
mesh becomes too course then the solution never converges. If the mesh is
too fine then the memory limit is reached. Too high fidelity of a model can
also take weeks to run. Effort is placed in developing simpler COMSOL
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models that are three dimensional with a single row instead of seven, and a
two dimensional model with twenty planar CNTs. Because of real samples
that needed to be measured with the Teraview system, these simplified
projects never reached a conclusion.
E.

REFERENCE SIGNAL STUDY
A comparison of both copper and air and their suitability as reference

signals is examined in this section. To calculate the reflectivity of a material,
the fraction of energy propagated off of the material with respect to the total
energy must be determined. The reference signal is used as a signal that
contains all of the energy of the emitted THz radiation per unit time. By
dividing the signal of a desired material by the reference signal, reflectivities
are obtained. This process is similar to calculating the transmittance of a
material, which involves dividing the signal of a desired material by the total
energy of the emitted radiation to obtain the fraction of energy that was
transmitted through the material onto the detector.
The goal of this study is to determine if using a direct energy
measurement through air instead of a scattered energy measurement off
copper, as shown in Figure E-1, is more accurate. The results of the study
indicate that the bulk copper available in the lab might not be the optimal
reference material but rather that a direct energy measurement with the only
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intervening medium through which the THz radiation propagates is air
should be used.

Figure E-1: To the left is the reference measurement performed by reflection off of
copper, while to the right is the reference measurement of direct transmission through air.

Using direct energy measurements as the reference signal is beneficial
for practical data recording purposes because it reduces the amount of
system time required. The system usage time is reduced by eliminating the
need to record reflection off of a reference material at each incidence and
detection configuration, and instead replacing it with a single direct
transmission through air measurement at normal incidence and normal
detection angle shown in Figures E-2 and E-3. The measurements in Figures
E-2 and E3, made at 45˚ incidence -45˚ detection, are recorded within 20
minutes of one another to assure laser emission consistency.
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Figure E-2: Time domain direct transmission through air yields peak amplitude 17%
higher than the maximum amplitude off bulk copper at 45˚ incidence.

Figure E-3: Frequency domain indicates higher energy levels for direct transmission
through air versus indirect reflection off copper at all frequencies.

It is noticed that the surface of the thin copper film is much more
reflective optically than the bulk copper. In addition to comparing indirect
bulk copper reflectance to direct air transmissions, a comparison of bulk to
thin film copper is performed. The reflectance comparison is made in Figure
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E-4 and a temporal domain comparison in E-5 between the bulk copper and
non-perforated thin film copper. In the figures, the angle of incidence is 45˚
and detection is at -45˚. From the reflectance profile of the two copper
samples, the reflectance of the thin film is greater than the bulk copper,
noticeably so at frequencies greater than 500 GHz. At frequencies less than
500 GHz, both copper materials have spectral energies near that of direct
transmission through air. The experimentally determined reflectance of bulk
and thin film copper reinforces the previous time domain result that direct
transmission though air is an improved reference signal to that of indirect
reflection off copper, but also indicates that the thin film copper is a better
reference than the bulk copper available in the lab.

Figure E-4: Indirect reflectance off thin film copper yields spectral amplitudes a much as
15% higher than off bulk copper at -45˚ incidence and 45˚ detection.
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Figure E-5: The reflection energy of bulk copper reflection is slightly less than that of
thin film copper in the time domain.

E.1. COPPER
The copper reference is measured at all of the same angles of
incidence and detection in the reflection configuration as the structured
nanomaterials. It is observed that at the specular angles where the angle of
detection is equal to the angle of incidence that the energy of the surface
reflected signal changes with incidence angle as seen in Figure E-4. This
indicates three possibilities: the incidence and detection angles are not
always equal, the bulk copper in the laboratory is not 100% reflecting
possibly due to corrosion, and lastly that the surface of the copper although
highly specular is not perfectly specular.
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Figure E-6: Percent reflection amplitude for bulk copper at the specular points where the
incidence angle is exactly opposite the detection angle.

The bulk copper is assumed to be highly specular. The specularity of
the copper is measured by sweeping the detector away from the specular
detection angle for a given incidence. It is observed that the copper
reflection profile at fixed incidence has a tight beam profile that compares
well with the beam profile of direct transmission through air, shown in
Figures E-5 and E-6. Because of this there is high confidence that the
polished copper has near perfect specularity.
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Figure E-7: Percent reflection amplitudes off of bulk copper at detection angles recorded
as the angular deviation from opposite incidence.

Figure E-8: The percent transmission through air at normal incidence as the detector
sweeps in four degree increments.

It is likely that the angle of incidence is approximately equal to the
detection angle to within 1˚ based on the accuracy of the reference marks on
the scattering gantry. This small angular difference produces percent errors
much smaller than the differences observed in the peak of a TDS profile as
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the incidence angle is varied proportional to the detection angle. However,
other gantry misalignments such as a sample mount that is not adequately
facing the perpendicular direction can degrade the reliability of the
measurements. Indications of this are evident in some of the data where a
peak is expected at 45˚ when the detector is at 45˚ but is actually detected at
50˚. Because of this, two of the signals in Figure E-5 had to be shifted.
Another explanation for the varying surface reflection energy
compared with direct energy measurements is a combination of copper
corrosion and surface imperfections, as shown qualitatively in Figure E-7
and quantitatively in Figure E-3. In Figure E-3, the clean and smooth surface
of the spectral amplitudes of the blank thin film copper is most similar to air
rather than bulk copper. Prior to measurements involving the bulk copper,
the surface is thoroughly cleaned with 99% isopropyl alcohol and clean
wipes. Additionally, a section of the copper is selected for measurement that
is the most visibly reflective and physically smooth. The copper surface is
not uniform but rather there are small grooves and manufacturing
imperfections along the surface. An explanation for the roughness is that the
copper is acquired from a bulk distributor and not from an optical laboratory
grade merchant.
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Figure E-9: At left is shown a micro image of the bulk copper surface after cleaning.
Notice the linear features of the surface structure. To the right is a macro image of the
bulk copper.

F.

INTERNAL TRANSMISSION SYSTEM
The Teraview internal transmission system has a slide mount to which

samples can be attached. The internal system is only capable of normal
incidence at normal detection transmission measurements. The signal
amplitudes from the internal system can be as much as 45% stronger than in
the external transmission system which uses the fiber optic cables and
portable modules. Unfortunately, increasing the power the laser to
compensate for this decrease in THz power in the external system also
increases the dispersion effect in the fiber optic cables.
All three of the VAMWCNT samples are measured in the internal
system. Additionally, the blank quartz substrate and air are also recorded.
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The VAMWCNT and blank substrate are secured to the mounting slide
using double-sided sticking tape around the perimeter of the eyehole of the
slide mount, shown in Figure F-1. The physical dimensions of these samples
facilitated this type of mounting. However, the thin film copper is of
significantly larger surface area and is also more delicate than the samples
mentioned previously. Because of this, the thin film copper cannot be
adhered to the slide eyehole using sticky tape and so it is not measured in the
internal system.

Figure F-1: The internal transmission system use an eyehole slide to mount the
VAMWCNT samples shown to the right.

F.1.

APPARATUS IMPROVEMENT
It is recommended that a compression type rotation stage that can

slide into the slot for the non-rotating slide used in the internal system
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should be constructed for the thin film copper sample. The purpose of this
construction is two-fold. First, a customized compression slide will secure
the thin film without stressing the thin film. Secondly, creating a rotation
component to the compression slide will enable polarization dependent
transmission measurements to be performed, since the perforated copper
apertures have exhibited significant polarization dependence.
G.

IMAGING SYSTEM
The VAMWCNT samples from AFRL are imaged using the imaging

capability of the Teraview system. Results of the imaging scans are shown in
Figures G-1 and G-2. The imaging system makes use of the fiber optic
cables and the mobile laser modules mounted to a raster scanning gantry.
Analysis is not performed on the imaging results but rather is mentioned to
document that broadband THz data cubes recorded as three-dimensional
rasterized time and frequency domain signals exist for the VAMWCNTs.
The time domain data cube from the imaging system provides reflection
amplitudes at the raster positions and contains this information with time
along the depth of the cube. The frequency domain data cube from the
imaging system provides spectral reflection amplitudes at the raster positions
and contains this information with frequency along the depth of the cube.
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Figure G-1: The peak amplitude in time is used to represent each pixel in the time domain
image, with red pixels having greater amplitudes than blue pixels.

Figure G-2: The integrated power from 133 – 1059 GHz is used to represent each pixel
value in the frequency domain image, with red pixels having greater integrated power
values than blue pixels.

H.

SOURCES OF ERROR
Several sources of error exist in the VAMWCNT measurements and

most of the error is systematic. All of the error discussed in this section
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applies to both reflection and transmission configurations of all the samples,
CNT or otherwise. The error that is systematic relates to the sample
mounting and incident angle reference processes. Each sample must be
mounted onto the measurement gantry, whether it is the reflection or
transmission configuration. While effort is made to ensure the gantry mount,
shown in appendix Figure B-2, is perpendicular to normally incident
radiation, this is unlikely and causes the sample face normal to deviate from
parallel to normally incident radiation. This systematic error is not expected
to change during the dismounting and remounting of new VAMWCNT
samples because those samples and their blank substrates mount onto the
same sample mounting plate, shown in appendix Figure B-1, and there is
high confidence that the sample mounting plate and the gantry mount are
plane parallel with one another after each mounting process.
Additional systematic error exists in the angular reference sheet on
which the gantry is built. The reference sheet is essentially a geometric
compass and enables the researcher to determine the angles of incidence and
detection for each measurement. The lines marking the radial from the
compass are hand drawn with a marker with the lines intended to be
separated by 4°. Prior to the June measurements, the reference sheet had
errors that were known to be no larger than 2°. Aware of this large
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uncertainty in the angle being measured, the radial lines were redrawn and
now are believed to be inaccurate by no larger than 1°. Therefore, there is
likely a slight, unknown angular bias between the reflection measurements
recorded prior to June 2012 and afterwards.
Multiple times during the measurement cycle, from December to
August, the modules were moved to be used in other research experiments.
While the dismounting and remounting of the remote Teraview modules
causes an unknown change in the alignment of the transmitter-receiver
system, making data comparisons based on either reflectance or
transmittance greatly reduces the uncertainty. When time and nonnormalized frequency domain data from before a module dismount is
compared with data recorded after a module remount, some error will exist
because of irreproducibility of alignment. As an example, a THz-TDS might
have a peak reflection amplitude off copper of 2000 units, but after
dismounting and remounting the modules it might only be 1900 units.
The Teraview system has also had maintenance work performed on it
by the manufacturer between the March and June 2012 measurement cycles.
The work consisted of recalibration, or general retuning, of the system. As
an example of the effect this had on the system, a nitrogen purged internal
system transmission measurement in September 2011 yielded a peak TDS
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intensity that is 11% less than the same transmission measurement without a
nitrogen purge. The August scattering measurements experienced additional
system hardware related issues which inserted a large measure of uncertainty
into the measurements. This hardware malfunction is a very sensitive loose
electrical connection in the receiver module. Because the receiver module is
swept across a hemisphere of scattering angles, the movement unpredictably
causes the connection to fail and the subsequent THz radiation intensity can
vary anywhere between 0% and 100% of its optimal power. Because 0%
intensity is extremely noticeable, this scenario is avoided, however
variability of 0 – 20% from peak amplitude is difficult to detect while
recording geometry dependent measurements.
Lastly the error from the swing arm variability is discussed. The
remote modules are mounted onto gantry swing arms. The swing arms
facilitate the sweep of the transmitter and receiver modules. It is observed
that the uniformity of the table surface on which the arms are placed is not
ideal. When a full sweep of scattering angles is concluded for a sample, a
direct transmission reference measurement is recorded after dismounting the
sample. It is observed that the vertical and horizontal degrees of freedom of
transmitter-receiver alignment must be altered from their reflection
configuration alignment to detect the strongest pulse possible in
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transmission. However, if for example the direct transmission alignment is
maintained during a copper reflection measurement at 45° incidence and 45° detection, then the horizontal and vertical alignment must subsequently
be adjusted even though the front surface of the copper sample would still be
at the focal point distance. In an effort to minimize this apparent yaw and
pitching of the modules, both the transmitter and receiver are weighed down
with secured masses to press the arms to the table.
I.

SYSTEM STABILITY
The system stability and the stability of the laboratory environment

are recorded whenever a measurement session is performed. The
measurement schedule produced system and laboratory condition data over
the course of ten months. The system condition data is presented here as
proof of the Teraview laser system stability and the laboratory condition data
is presented primarily to indicate the range of water vapor concentrations
and secondarily for posterity. Analysis is not performed with this data, but is
documented in Figures H-1 through H-6 for reference by the system
operators.
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Figure I-1: The Vitesse power fluctuation is no more than 0.20% above or below the
average power over eight months.

Figure I-2: The Verdi power fluctuation is no more than 0.55% above or below the
average power over eight months.
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Figure I-3: The Verdi current fluctuation is no more than 0.09% above or below the
average current over eight months.

Figure I-4: The base plate temperature fluctuation is no more than 1.54% above or below
the average temperature over eight months.

159

Figure I-5: The laboratory temperature fluctuation is no more than 15.34% above or
below the average temperature over ten months.

Figure I-6: The laboratory relative humidity fluctuation is no more than 20.78% above or
below the average humidity over ten months.
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